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Abstract

The potential impacts of the increasing temperature on the water resources, as well as the
hazards associated with the sea-level rise in the low-elevation coastal zones of the Mediterranean
Sea, makes this region vulnerable to current climate change due to global warming. Hence,
accurate projections of the future hydroclimate scenarios in this area are crucial. Long-term
information on climate and sea-level variability cannot be obtained by direct observations or
using short instrumental records. However, various geological archives may provide valuable
data that can be then used to assess the models used for future predictions.
This thesis presents results on past climate and sea-level reconstruction using cave
deposits from Mallorca Island in the western Mediterranean basin and is structured in two parts,
as follows.
The first part deals with speleothem-based paleoclimate reconstruction. Stable isotopic
analyses of precipitation, cave drip water, and groundwater from sites in Mallorca are performed
in order to enhance our understanding of the processes controlling the isotopic variability and the
sources of moisture in the modern climate system. Then, the obtained isotopic data is used to
explain past changes recorded in the oxygen isotopic profile of a stalagmite (CAM-1) collected
from Campanet Cave. Combining the growth history with the isotopic record and mineral
changes of CAM-1 provides evidence of dramatic climatic shifts in the western Mediterranean
over the past 121,000 years.
v

The second part of the thesis presents evidence of past sea-level based on phreatic
overgrowths on speleothems from caves on the same island. These deposits are suitable for U-Pb
radiometric dating and they proved to be valid and precise sea-level index points. Sea-level
snapshots over a number of key intervals throughout the Cenozoic Era are presented. Samples
CP-04 and AR-02i from Coves Petites and Coves d’Artà, respectively, provide evidence of sealevel stands prior and at the onset of the Messinian Salinity Crisis (5.97 - 5.33 million years ago;
Ma), a major event in the history of the Mediterranean Sea. Six other POS samples collected
from Coves d’Artà, formed during the Pliocene Epoch, between 4.39 and 3.27 Ma. To infer the
global mean sea level (GMSL) from these local observations, the POS elevations are corrected
for glacial isostatic adjustment and long-term deformation due to sediment loading. Hence,
sample AR-02 documents a GMSL of 23.5 meters above present sea level (mapsl) and its growth
is coincident with the Pliocene Climatic Optimum, a time interval when the annual temperatures
were about 4 ºC warmer than pre-industrial period. A GMSL of 16.2 mapsl is reported from
sample AR-02 for the Mid-Piacenzian Warm Period, an interval during the Late Pliocene. This
has been used as an analogue for future anthropogenic warming since atmospheric CO2
conditions were comparable to present-day values (~400 ppm) and estimated global mean
temperatures were 2-3 °C higher compared to the pre-industrial period. Another POS sample
(AR-19) collected from the same cave at 14 mapsl, returned an age of 2.63 ± 0.11 Ma,
overlapping with the Plio-Pleistocene transition. Finally, samples DR-D4v from Coves del Drac
and SBB25-01 from Cova de Sa Bassa Blanca, precipitated during the transition from early to
mid Pleistocene (~1.25 - 0.7 Ma) and mark GMSL of -1.1 mapsl and 5 mapsl at 1.25 ± 0.09 Ma
and 0.8 ± 0.16 Ma, respectively. Collectively, these data will serve as critical inputs for future
climate model development and calibration that will improve confidence in sea-level projections.
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Chapter 1: Introduction

Accurate projections of the direction and magnitude of future climate and sea-level
changes rely on a comprehensive understanding of the mechanisms controlling their complex
temporal and spatial evolution. The uncertainties of these projections can be improved by testing
models against the climate and sea-level changes observed and reconstructed from the past.
Hence, a thorough comprehension of the past is an essential prerequisite to establish the models
that these projections are largely reliant on. Complementing the limited instrumental records,
which span only the last 2-3 centuries, the geological evidence serves as an important archive for
assessing the dynamics of climate and sea-level throughout the Earth’s history. This provides a
basis for reliable predictions, although current ties between past changes and future scenarios are
still highly uncertain.
The geographic position of the Mediterranean Basin makes this region a “hot-spot” for
climate and sea-level change. The vulnerability to rising temperature is caused by scarce and
irregular water availability. Since the water resources hold great economic potential for
agriculture and tourism, a deficit in water supply is likely to generate major impacts. On the
other hand, due to the extensive low-elevation coastal zones with a high concentration of people,
extreme events of intense precipitation coupled with medium- to long-term sea-level rise may
cause disastrous floods in many of these regions. Consequently, projections of future scenarios
are of particular importance in this area since the observed increasing temperatures and sea-level
rise over the past decades and its associated hazards are expected to have major impacts. Despite
1

a great number of studies available, there still are important knowledge gaps in assessing of the
climate and sea-level variability in the Mediterranean Basin.
This thesis aims at contributing to filling these gaps by providing new paleoclimate and
sea-level records from Mallorca, the largest island of the Balearic Archipelago in the Western
Mediterranean. This new data will serve as inputs for numerical climate and sea-level models to
better constrain future projections. The thesis consists of two main parts. The first one deals with
water isotopic variability in the modern climate system to help understand how the present day
climate signal is transferred from meteoric water into speleothems (Paper #1), which are then
used in speleothem-based climate reconstructions (Paper #2). The second part focuses on studies
of past sea level using a special type of cave deposits, the so-called phreatic overgrowths on
speleothems (POS), precipitated in coastal caves. By radiometrically dating these deposits, which
proved to be ideal sea-level index points, new global mean sea level (GMSL) constraints are
provided for a number of key time intervals throughout the Cenozoic (Paper #3 and #4).
Part I
Over the past two decades, speleothems have been widely recognized as ideal climate
archives due to their long-term preservation of climate signals, the ability to provide precise and
reliable U-series chronology, and the variety of climatic proxies that can be measured. Among
the speleothem proxy parameters relevant to climate reconstructions (e.g., growth rate, trace
element concentrations, abundance and isotopic composition of fluid inclusions of water trapped
during growth, abundance and composition of organic impurities, etc.), the oxygen (δ18O) and
carbon (δ13C) isotopic ratios tied to the drip-water and to the conditions of calcite/aragonite
crystallization are probably the most commonly used. The oxygen in speleothems originates
from rainwater falling on the surface and percolating down through the soil and bedrock into the
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cave. Under optimal conditions (e.g., caves with no or negligible evaporation, no significant
pCO2 gradients, etc.), the δ18O values in speleothems will reflect the isotopic signature of
precipitation. Speleothem δ13C values are significantly influenced by prior calcite precipitation
and the carbon isotopic composition of the bedrock and especially of the soil CO2. This last one
depends on the type and proportion of vegetation (C3 - or C4 - plants) overlying the cave, which
in turn correlates at regional scale with climate.
Paper #1 presents the first results on stable oxygen and hydrogen isotope composition of
precipitation, cave drip water, and groundwater collected from different sites in Mallorca.
Interpreting the isotopic variability of meteoric waters on this island is a challenging and
complex task, considering the low amount of rainfall and its isotopic composition, which is
influenced by either, or both, the cool North Atlantic Ocean and the much warmer Mediterranean
Sea. This study captures representative information to address three key problems: i) to what
extent the δ18O values of rainwater in Mallorca reflect different moisture sources; ii) how similar
is the isotopic composition of water in cave drips and rainfall; and iii) what is the spatial
variability of drip water δ18O across the Island of Mallorca and within the investigated caves.
Collectively, the δ18O values of precipitation and cave drip waters help tracking the
sources for the air masses affecting the study sites. The 18O-enriched values and d-excess >10‰
of drip waters in Drac, Vallgornera, Cala Varques, Tancada, and Son Sant Martí caves indicate
vapor masses of Mediterranean origin, likely related to local thunderstorms developed along the
sea-breeze fronts. The more 18O-depleted values measured in Campanet, ses Rates Pinyades, and
parts of the Artà caves may reflect a dominant contribution from rains of the Atlantic source
area. We calculated a local meteoric water line (δ2H = 7.9 • δ18O + 10.8), which is much closer to
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the GMWL compared to the one generated using the GNIP Palma database (δ2H = 6.6 • δ18O +
1.7; Fig.1.1.).

Figure 1.1. A) Isotopic composition of drip/pool water samples from eight caves (this study) along with
GNIP Palma precipitation (yellow: summer; blue: winter); B) Close-up showing the isotopic composition of each
cave water sample. MaWL is represented by solid black line.

This dataset constitutes the baseline for future studies aiming to assist speleothem-based
paleoclimate reconstructions in the western Mediterranean basin.
Paper #2 reports new data on past climate reconstruction using a stalagmite (CAM-1)
from Campanet Cave. The high-resolution chronology of CAM-1 was obtained based on 25 Useries dates, all in stratigraphic order. The main goal of this paper is to identify the physical
processes that triggered the observed variation in CAM-1 growth rates, mineral changes, and
δ18O and δ13C values. The growth history combined with high-resolution isotopic analyses of a
CAM-1 provides a detailed evidence of climatic and environmental changes over the past

4

121,000 years. We argue that variability of δ18O in CAM-1 is mainly related to changes in source
of precipitation, whereas high δ13C values reflect a dry climate (Fig.1.2.).
120000

20

-40

B

C24

-9
-8

-5.5
-5
-4.5

-7

-4
-3.5
-3
1

-3
2

4

20
15

calcite layer

-4.5

-2.5

-0.5
60000

3

calcite layer

G

F

calcite layer

δ18O (‰) Campanet

-6.5

calcite layer

calcite layer

1

70000
MIS 4

80000
5a

90000
100000
Age (ka)
5b

5c

δ18O (‰) N. pachyderma
(ODP 984)

C23

dry

-6

-7

5
-6

110000
5d

H
10
5

Growth rate
(mm/kyr)

E

D

C21

δ13C (‰)
Campanet Cave

-11

15
10

wet

C

-10

C23

-11

C22

-45

SST (ºC) ODP-977A

25

GS26

GS25

GS24

-35

POP δ18O (‰)

δ18O (‰) NGRIP

A

110000

CC28- δ18O (‰)
Corchia Cave

Age (ka)
90000
100000

80000

GS23

70000

GS22

60000

0
120000
5e

Figure 1.2. Comparison between Campanet Cave (CAM-1) stable isotope time series and other regional
and global paleoclimatic records. A: NGRIP (North Greenland Ice Core Project members, 2004; Rasmussen et al.,
2014); B: SST record from core ODP-977A (Martrat et al., 2004); POP (C) and Corchia (D) δ18O values (Regattieri
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on its own time scale (note some Y-axis are inverted). Original data were downloaded from NOAA Paleoclimate
and PANGAEA. The references cited in this caption are found in the references list of Paper # 2.
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The synchronicity of MIS 5e/5d transition, C24, C23, and C21 cold events in ODP 984,
ODP 977A, NGRIP, and CAM-1 stalagmite δ18O time series highlights the teleconnection
between high and mid-latitudes over the Northern Atlantic. Interestingly, all these cold events
are reflected in the CAM-1 stratigraphy by the deposition of calcite layers. One of the most
significant feature archived by the CAM-1 is the prolonged aridity during MIS 5c, marked by a
large positive excursion in both δ18O and δ13C values. Further such records from the Balearics or
SE Spain could provide critical understanding of how atmospheric and oceanic circulation
patterns operate and control rainfall variability in the western Mediterranean. Since water is a
scarce and threatened resource in the region, studies of this type are important especially in the
light of foreseeable climate changes.
Part II
One of the most pronounced consequences of climate change has been the melting of ice
sheets, which in turn causes sea level to rise. Throughout the Earth’s history the growth and
decay of these ice masses on timescales of thousands to hundreds of thousands of years drove
global sea-level fluctuations on the order of 100 meters. The littoral caves of Mallorca recorded
such fluctuations over the past 6.5 million years. When sea level remained stable for longer
periods of time, particular carbonate encrustations called phreatic overgrowths on speleothems
(POS) were deposited along the cave walls and on preexisting vadose speleothems. Preliminary
data showed that POS are suitable for radiometric dating by using the U-Pb method and they
proved to be valid and precise sea-level index points.
Accurate long-term sea-level change projections are hampered by the uncertainties
related to ice sheets sensitivity to changes in atmospheric CO2 and temperature. In order to refine
these predictions, a better understanding of sea-level behavior during periods when Earth’s
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climate was warmer than today, is needed. Paper #3 contributes new global mean sea-level
constraints for the Pliocene Epoch, the most recent prolonged global warmth immediately
preceding the inception of the high magnitude glacial/interglacial variations of the Pleistocene
Epoch. Using POS from Coves d’Artà, six Pliocene sea-level snapshots ranging from 4.39 to
3.27 Ma are documented in this paper. The POS levels have been identified at elevations from
22.6 to 31.8 mapsl. In order to translate these local observations into ice-equivalent GMSL, the
POS elevations are corrected for glacial isostatic adjustment, long-term deformation due to
sediment loading, and thermal expansion.
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Figure 1.3. Pliocene sea level and CO2 concentration changes. a, Model-based CO2 reconstruction21 and
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7

Of the greatest relevance are the oldest and the youngest samples. AR-02 at 4.39 ± 0.39
Ma, yielded a GMSL estimate of 23.5 mapsl (9.0–26.7 mapsl, 68% uncertainty range) and
corresponds to the Pliocene Climatic Optimum (~4.4 to ~4.0 Ma), the warmest interval during
the Pliocene. Our results indicate that an ice volume equivalent to a GMSL change of 23.5 mapsl
may eventually melt (over hundreds to thousands of years) if future temperatures stabilize at a
temperature of 4°C above pre-industrial levels. Sample AR-03 with an inferred GMSL of 16.2
mapsl (5.6–19.2 mapsl, 68% uncertainty range) documents the youngest prominent Pliocene
horizon in Artà with an age of 3.27 ± 0.12 Ma, which likely formed at the onset of the MidPiacenzian Warm Period. Our data indicate that ice sheets are very sensitive to warming and
provide important calibration targets for future ice-sheet models.
In Paper #4 the sea-level studies are extended to even older time intervals than the
Pliocene, and presents new data from Late Miocene. Sea-level snapshots from before and at the
beginning of the Messinian Salinity Crisis, a major event in the history of the Mediterranean Sea
which prompted vigorous debates related to its many aspects (e.g., how fast and how much sea
level dropped), are provided. Additionally, samples of Plio-Pleistocene ages are reported,
concomitant with two fundamental shifts of the global climate system: the Plio-Pleistocene
Transition when the Northern Hemisphere went from ice free conditions to extensive ingrowth of
the ice sheets and the Mid-Pleistocene Transition when the periodicity of climate cycles shifted
from lasting 41,000 years to an average of 100,000 years. By using POS as robust proxies for
past sea level stands, this work advances our understanding of the complex sea level variability
and is useful for estimating global ice volumes at times when they formed.
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Chapter 2: Water isotopic variability in Mallorca: a path to understanding past changes in
hydroclimate

Note to Reader:
This chapter has been previously published: Dumitru, O.A., Forray, F.L., Fornós, J.J., Ersek, V.,
Onac, B.P. Water isotopic variability in Mallorca: a path to understanding past changes in
hydroclimate. Hydrological Processes 31: 104-116. See Appendix A for the PDF of the
published document and Appendix B for permission from the publisher.
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Chapter 3: Climate variability in the western Mediterranean between 121 and 67 ka
derived from a Mallorcan speleothem record

Note to Reader:
This chapter has been previously published: Dumitru, O.A., Polyak, V.J., Fornós, J.J, Asmerom,
Y., Onac, B.P. Climate variability in the western Mediterranean between 121 and 67 ka derived
from a Mallorcan speleothem record. Palaeogeography, Palaeoclimatology, Palaeoecology 506:
128-138. See Appendix C for the PDF of the published document and Appendix D for
permission from the publisher.
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Chapter 4: Constraints on global mean sea level during Pliocene warmth

Note to Reader:
This chapter has been previously published: Dumitru, O.A., Austermann, J., Polyak, V.J.,
Fornós, J.J., Asmerom, Y., Ginés, J., Ginés, A., Onac, B.P. Constraints on global mean sea level
during Pliocene warmth. Nature https://doi.org/10.1038/s41586-019-1543-2. See Appendix E for
the PDF of the published document and Appendix F for permission from the publisher.
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Chapter 5: Neogene and Quaternary sea-level snapshots from the Western Mediterranean1

Abstract
Unraveling patterns of past relative sea-level change enhances our understanding of the
amplitude and rate of ice sheet responses to climate change. Here we present Neogene and
Quaternary sea-level snapshots using POS from Mallorca, Spain. Sea-level elevations of 33 and
32 mapsl before and at the onset of Messinian Salinity Crisis are documented at 6.54 ± 0.37 Ma
and 5.86 ± 0.60 Ma, respectively. The Pliocene and Pleistocene sea-level observations are
translated into ice-equivalent GMSL by applying the glacial isostatic adjustment and long-term
uplift corrections. Hence, new GMSL estimates of 6.4 mapsl (-2.0 – 8.8 mapsl) are provided for
the Plio-Pleistocene transition at 2.63 ± 0.11 Ma; two GMSL of -1.1 mapsl (-5.6 – 2.4 mapsl)
and 5 mapsl (1.5 – 8.1 mapsl) are calculated at 1.25 ± 0.09 Ma and 0.8 ± 0.16 Ma, respectively,
overlapping with the Mid-Pleistocene Transition. These sea-level estimates can be used to
provide relevant constraints on the ice volume over the intervals the POS precipitated.1

1

This chapter is prepared for submission to Scientific reports journal as: Dumitru, O.A., Austermann, J.,
Polyak, V.J., Fornós, J.J., Asmerom, Y., Ginés, J., Ginés, A., Onac, B.P. Neogene and Quaternary sealevel snapshots from the Western Mediterranean.
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Introduction
Accurate projections of sea-level rise rely on a thorough understanding of the mechanisms
driving its complex spatio-temporal evolution (Horton et al., 2018). The major cause of sea-level
rise is the melting of ice sheets and glaciers. Hence, one of the largest uncertainties of future
predictions is the response of ice sheets to future warming due to increasing atmospheric CO2
concentration (Oppenheimer, 1998; Kopp et al., 2010; Fischer et al., 2018). Constraining the
response of ice sheets to major past climatic events may provide a window onto their future
behavior and contribute to more confident projections of rates of sea-level rise. However, the
limited number of robust proxies, their sparse and irregular distribution, lack of absolute
chronology, and frequent hiatuses in many records (Teitler et al., 2015), hinder our
understanding of sea level changes over intervals older than the well documented Last
Interglacial (Dutton and Lambeck, 2012, Polyak et al., 2018).
Throughout the more recent part of Earth’s history, several key time intervals stimulated
vigorous scientific debates and thorough research studies; those related to our topic are briefly
presented below. The Messinian Salinity Crisis (MSC; Hsü et al., 1973; Roveri et al., 2014) is a
major geological event during which a combination of glacio-eustatic and tectonic processes
caused the Mediterranean Sea to become partly to nearly desiccated (Gargani and Rigollet,
2007). While its timing has been relatively well established (5.97 - 5.33 Ma; Krijgsman et al.,
1999; Manzi et al., 2013), the sea-level elevation before the MSC and the magnitude of sea level
lowering at its onset remains highly uncertain (Pérez-Asensio et al., 2013; Ohneiser et al., 2015;
Mas et al., 2018). The Pliocene Climatic Optimum (PCO) and the mid-Piacenzian warm period
(MPWP) intervals provide ideal analogues for investigating ice sheets sensitivity in a warmer
than today climate, since their atmospheric temperatures were ~4 and 2-3 °C respectively, higher
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than the preindustrial (Fedorov et al., 2013). Over the past five million years, two other major
global climate events occurred. The Pliocene-Pleistocene Transition (PPT, 3.0 - 2.5 Ma; Tan et
al., 2018), when the Northern Hemisphere transitioned from ice free conditions to extensive
growth of the ice sheets (Lisiecki and Raymo, 2005; Lawrence et al., 2010) and the transition
from Lower to Middle Pleistocene, known as mid-Pleistocene Transition (MPT, ~1.25 - 0.7 Ma),
which marks a shift from mostly symmetric 41-ka cycles to strongly asymmetric 100-ka cycles
(Pisias and Moore, 1981; Clark et al., 2006; Willeit et al, 2019). Despite decades of study, the
sea-level fluctuations remain largely unknown, hence, more quantitative spatial and temporal
records are of paramount value. These would help validating the numerical ice sheet models that
we are largely reliant on when projecting future sea-level changes (Bintanja and Van de Wal,
2008; DeConto and Pollard, 2016; de Boer et al., 2017).
This work contributes to this line of research by providing snapshots of sea level during the
above mentioned key time intervals. To do this we are using POS from littoral caves in Mallorca
Island, western Mediterranean (Fig. 1). Studies over the past decades proved the suitability of
using POS as meaningful sea-level index points (Dorale et al., 2010; Polyak et al., 2018;
Dumitru et al., 2019). Documented in the subterranean pools of Mallorcan eastern and southern
coastal caves (Ginés et al., 2012), these phreatic deposits form when preexisting vadose
speleothems (e.g., stalactites, stalagmites) become partly immersed in brackish water and a
carbonate encrustation precipitates around them, precisely marking the positions of ancient water
tables. As the caves hosting POS are proximal to the coastline (within 300 m inland), the
hydraulic gradient between them and the Mediterranean Sea is insignificant, thus, the brackish
water table in the cave is, and was in the past, coincident with sea level. Although not a
continuous sea-level record, our results document the position and timing of sea level over the

14

time periods these deposits formed, overlapping with the key intervals mentioned above for
which sea-level estimates are still highly uncertain.
Methods
U-Pb methodology
Well-crystalized aliquots were carefully selected and cleaned. Separation of elements was done
by conventional isotope dilution anion exchange resin chemistry. A calibrated mixed spike
229

Th-233U-236U-205Pb was used to generate U, Pb and Th isotope ratios. All U/Pb ages were

measured using a Thermo Neptune multi-collector inductively coupled mass spectrometer
coupled with the Cetac Aridus II desolvating nebulizer, at the Radiogenic Laboratory of the
University of New Mexico in Albuquerque. The analytical methodology is reported in Decker et
al. (2018) and Dumitru et al. (2019). Reduction of data is performed using PBDAT (Ludwig and
Titterington, 1994) and ISOPLOT (Ludwig, 2001). An initial

234

U/238U (δ234Ui) activity of 1.75

was assumed to correct the ages for the initial disequilibrium (Polyak et al., 2017; Dumitru et al.,
2019).
GIA modelling
The GIA correction is the deviation of local sea level from the global mean due to the
viscoelastic adjustment of the solid Earth, its gravity field and rotation axis to changes in the ice
and ocean load. We adopt a 1D, self-gravitating, Maxwell viscoelastic Earth model (Kendall et
al., 2005). Following Raymo et al. (2011), we separate the GIA correction into two
contributions: (1) the amount of residual deformation that is due to the most recent Pleistocene
glacial cycles for which we adopt the ice history over the last 3 Myr; (2) the amount of
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deformation associated with the growth and decay of ice sheets over the Pliocene for which we
constructed new ice models by scaling the height of present-day ice sheets down to reproduce a
given ice-volume curve (see Methods in Dumitru et al., 2019). The full GIA correction is given
by the addition of both effects described above. To quantify the GIA correction and its
uncertainty for each POS we take a temporal average and standard deviation of all GIA models
over the time period of the sea level indicators (Table 2).
Long-term uplift correction
Long-term deformation due to dynamic topography or sediment loading can further contribute to
local sea-level changes. We investigate constraints on long-term deformation of Mallorca by
using sea level indicators from the same island but which formed during Marine Isotope Stage 5
and the Upper Miocene. We therefore assume it to be unlikely that subsidence occurred. We
further attempt to estimate the amount of possible long-term uplift based on relative sea level
changes across the POS record and its comparison with GMSL reconstructions (see Methods in
Dumitru et al., 2019).
Results and discussions
Sea-level snapshots before and at the onset of MSC
Sample CP-04, collected from Coves Petites (Eastern Mallorca; Fig. 5.1.a-c) marks a sea level
stand currently at 33 meters above present sea level (mapsl), which formed during MidMessinian, at 6.54 ± 0.37 Ma (Table 5.1.), well before the onset of the Messinian Salinity Crisis.
Evidence of even higher sea level before MSC is also provided by exquisitely exposed coral
reefs in vertical sea-cliff outcrops in between Vallgornera and Cap Blanc, in southern Mallorca
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(Pomar and Ward 1995). However, a direct correlation between the two sea-level stands
documented by CP-04 and the reef is hampered by the elevation and chronology uncertainties
associated with the Reef Complex Unit. The top of this unit lies about 70 mapsl (Pomar and
Ward 1995), but the outcropping stratigraphic geometries and facies distribution indicate several
cyclic fluctuations in the position of the reefal facies, all interpreted as a result of sea-level
oscillations (Pomar et al., 1996). The most recent Ar-Ar dates on biotites from the back-lagoon
deposits near Cap Blanc indicate ages of 6.45 and 6.23 Ma (Pomar et al., 2012), but since there
are several complete sequences of reefal progradation located at different levels, a better
chronostratigraphic constrain is required. Additionally, despite the flat appearance of this
platform, Gomez-Pujol et al. (2013) suggest a wide and gentle anticline with a NE-SW axis
direction related to the movement of Palma and Campos NE-SW normal faults. This means that
the present-day reef elevation may be an overestimate and sea level has not been as high during
the reef growth. Pre-MSC indirect evidence of sea level from the same island is also indicated by
the microbial buildup (stromatolites) cropping out in the Porto Pi area at the western end of the
Palma Harbor. These deposits, reported as Upper Miocene, belong to the Santanyí Limestone,
developed in a shallow marine environment during periods of limited connection with openmarine realm, prompting evaporative and hyper-saline conditions (Suarez-Gonzalez et al., 2019).
Sample AR-02i comes from Coves d’Artà (400 m east of Coves Petites), which hosts seven
Pliocene seven sea-level stands identified so far. A cross section of AR-02 collected from the
highest horizon of this cave indicates two distinct phreatic overgrowth deposition events (see
Fig. 5.1d). The outer layer (AR-02) was precipitated at 4.39 ± 0.39 Ma (Dumitru et al., 2019),
whereas the inner part (AR-02i) yielded an age of 5.86 ± 0.60 Ma (Table 5.1.).
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Figure 5.1. a) Map of Mallorca in the western Mediterranean (gray rectangle). b) Location of caves sampled for POS
(red solid dots). c-g) Cross-section of the investigated POS: c) CP-04; d) AR-02i; e) AR19; f) DR-D4v, and g)
SBB25-1.
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AR-02i overlaps with an early phase of the MSC known as the Primary Lower Gypsum stage
(5.97 - 5.61 Ma; Manzi et al., 2013). Since the deposition of AR-02i marks a sea-level snapshot
only, it does not clearly support or exclude any of the proposed scenarios for the onset of MSC
(Pérez-Asensio et al., 2013). However, this POS currently at 32 mapsl is indicative of a stagnant
sea-level that persisted long enough to allow the precipitation of the carbonate encrustation
during the very first stage of MSC. This fits with at least two lines of evidence: i) a sea-level
high stand related to long-term obliquity cycles (Manzi et al., 2013) and ii) the unlikelihood that
a significant sea-level lowering occurred at the onset of MSC or during its first stage as
suggested by Govers (2009).
GIA and sediment loading can both noticeably contribute to these local observations and the
corrections should be applied to the elevation values. Given the complexity of quantifying these
adjustments due to the loading effect of the Messinian evaporite deposits and the large age
uncertainties of CP-04 and AR-02i, any attempt to provide estimates of GMSL for these two
index points would be rather unreliable.
Our results indicate that an ice volume equivalent to a GMSL change of 23.5 mapsl may
eventually melt (over hundreds to thousands of years) if future temperatures stabilize at a
temperature of 4 °C above pre-industrial levels. Sample AR-03 with an inferred GMSL of 16.2
mapsl (5.6 - 19.2 mapsl) documents a horizon in Artà with an age of 3.27 ± 0.12 Ma, which
likely formed at the onset of the MPWP. These results would indicate a near or full collapse of
the modern Greenland Ice Sheet (7.4 m GMSL rise; Morlighem et al., 2017) and and melting of
vulnerable sectors of the West Antarctic Ice Sheet (3.3 m GMSL rise; Bamber et al., 2009), plus
a contribution of up to 5.5 m from melting of the more stable sectors of the West and East
Antarctic ice sheets (Dumitru et al., 2019).
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Table 5.1. Samples description. Ages are reported reported as 2σ absolute values. Samples * have been described
and reported in Dumitru et al (2019).

Cave
name

Sample
name

Sea
level
(m)

Age
(myr)

Sample
description

Coves
Petites

CP-04

33

6.54 ± 0.37

porous calcite

AR-02i

32

5.86 ± 0.60

calcite

AR-02

32

4.39 ± 0.39

calcite

AR-05

25

4.10 ± 0.16

aragonite

AR-11

23

3.91 ± 0.28

calcite

AR-15

27

3.65 ± 0.14

aragonite

AR-09

30

3.50 ± 0.14

aragonite

AR-03

23.5

3.27 ± 0.12

42% aragonite,
58% calcite

AR-19

14

2.63 ± 0.11

aragonite

Coves del
Drac

DR-D4v

3.9

1.25± 0.09

aragonite

Cova de
sa Bassa
Blanca

SBB2501

7.8

0.8 ± 0.16

aragonite

Coves
d’Artà

A new POS level currently located at 14 mapsl has recently been identified in Artà; sample AR19 from this horizon returned an age of 2.63 ± 0.11 Ma, overlapping the Plio-Pleistocene
transition. Since AR-19 is noticeably at a lower level than all the other Pliocene stands formed in
this cave (Table 5.1.), we interpret it as reflecting a major build up of ice in Greenland 2.7 Ma
indicated by several records (e.g., Tan et al., 2018). About same time, a minimum in atmospheric
CO2 concentration (Lunt et al., 2008) and colder climate conditions were documented from
records worldwide (Bertini, 2010; McKay et al., 2012; Brigham-Grette et al., 2013; Herbert et
al., 2015), concomitant with a corresponding increase in benthic δ18O values at 2.638 Ma (the
MIS G1/G2 boundary; Lisiecki and Raymo, 2005).
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Figure 5.2. Pliocene and Pleistocene sea level records. POS-derived GMSL is indicated by the black markers (age
uncertainties are 2σ; the GMSL of the marker corresponds to the mode and the error bars to the 16th and 84th
percentiles). a) Sample code for each POS is indicated by solid black bars; b) RSL curves derived from the stacked
Mediterranean dataset and its 95% uncertainties (Wang et al., 2010) and from the conversion of LR04 benthic
foraminiferal δ18O stack (Naish and Wilson, 2009); c) GMSL derived estimates from the planktonic foraminifera
and the marginal basin residence time (Rohling et al., 2014).

After applying the GIA and uplift adjustments following the procedure described in Dumitru et
al. (2019), a GMSL of 6.4 mapsl (-2.0 - 8.8 mapsl) was calculated (Table 5.2.). This is consistent
with the lower end of previous relative sea level (RSL) estimates from the stacked Mediterranean
dataset by Wang et al. (2010) and GMSL estimates from the planktonic foraminifera and the
marginal basin residence time by Rohling et al. (2014), taking into consideration the
uncertainties of the different methods used for the reconstruction (see Fig. 2 b, c). AR-19 marks
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a stand that is not as low as the eustatic sea-level derived by Naish and Wilson (2009; Fig. 2b) by
converting the benthic foraminiferal δ18O curve of Lisiecki and Raymo (2005).
Table 5.2. GMSL estimates. The age uncertainties are reported as 2σ absolute values. The GIA correction
uncertainty is 1σ. Uplift correction shows the median value and the 16th and 84th percentiles in parentheses as
uncertainty bounds. The GMSL estimates include correction for GIA and long-term uplift and show the mode and
the 16th and 84th percentiles in parentheses as uncertainty bounds.

GIA
correction
(m)

Uplift
correction
(m)

GMSL
(m)

Sample
name

Age
(Myr)

POS
elevation
(m)

AR19

2.63 ± 0.12

14

4.0 ± 2.1

5.4 (1.5 – 11.6)

6.4 (-2.0 – 8.8)

DR-D4v

1.25 ± 0.09

3.9

2.4 ± 3.3

2.6 (0.7 – 5.5)

-1.1 (-5.6 – 2.4)

SBB25-01 0.80 ± 0.16

7.8

1.0 ± 2.9

1.6 (0.5 – 3.5)

5.0 (1.5 – 8.1)

Two other samples (DR-D4 and SBB25-01) precipitated during the transition from Lower to
Middle Pleistocene. DR-D4 (Fig. 5.1.f) was recovered from a well-defined sea-level horizon
located at 3.9 mapsl in Coves del Drac (east coast of Mallorca; Fig. 5.1.a). The U-Pb
measurement of DR-D4 returned an age of 1.25 ± 0.09 Ma that is coincident with the onset of
MPT marked by the shift between MIS 38 and MIS 37 (Tzedakis et al., 2017). An overall
cooling trend during MPT is exhibited in the deep ocean temperature derived from benthic
foraminiferal Mg/Ca ratios from the North Atlantic (Sosdian and Rosenthal, 2009), in the sea ice
reconstruction based on the ice biomarker IP25 from Site U1343 in the Bering Sea (Detlef et al.,
2018), and in the record of dust and iron supply of the Southern Ocean (Martínez-Garcia et al.,
2011), concomitant with a substantial increase in sea ice extent (Clark et al., 2006). The GMSL
documented by DR-D4 at -1.1 mapsl, after applying the corrections for GIA and uplift, agrees
with the upper end of the estimates of Wang et al. (2010) and Rohling et al. (2014), but is higher
than the ones reported by Naish and Wilson (2009). In response to a presumed long-term cooling
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scenario, an expansion of both Northern (Almogi-Labin, 2011) and Southern Hemisphere ice
sheets (Raymo et al., 2006; Lawrence et al., 2010) have been invoked to explain the onset and
climate pattern of MPT. The GMSL marked by DR-D4 suggests that the ice volume over the
time of POS precipitation were similar to present ones.
Sample SBB25-01 (Fig. 5.1.g) from Cova de Sa Bassa Blanca in the northern part of the island
(Fig. 5.1.a) formed an elevation of 7.8 mapsl. This is the first cave in which POS were observed
and tentatively interpreted to represent past Pleistocene sea stands (Ginés & Ginés, 1974).
Although the cave hosts over 15 POS horizons, sampling activities are problematic due to high
CO2 levels (>2-4%). Sample SBB25-01 denotes a GMSL of 5 mapsl at 0.8 ± 0.16 Ma. Increased
glacial severity is suggested during MIS 20 (814-790 ka; Head and Gibbard, 2015) by
anomalously high δ18O in the LR04 benthic stack (~4.7 ‰; Lisiecki and Raymo, 2005),
concomitant with sharp peaks in the dust profile of the same site (Almogi-Labin, 2011). Severe
eustatic drop is also supported by stratigraphic evidence from sediment architecture in South
Evoikos Gulf, central Greece (Anastasakis and Piper, 2013). Our GMSL estimate is notably
higher than the one suggested by Naish and Wilson (2009) at ~ -60 mapsl, but overlaps well with
the upper limit of RSL of Wang et al (2010; Fig. 5.2.b).
Altogether, the sea level estimates presented here can be used to provide relevant constraints on
the ice volume during certain key past intervals, which is a fundamental factor in determining the
future behavior of the ice sheets and their potential contribution to sea-level rise. This lends
insights into the stability of Greenland and Antarctic ice sheets, which further help resolve
inconsistencies between ice sheet model prediction and data.
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Conclusions
POS deposited in coastal caves from Mallorca Island in the Western Mediterranean captured sealevel snapshots since the Upper Miocene up until Middle Pleistocene. The precipitation of POS
is a direct consequence of hundreds to thousands of years of sea level stability.
The horizons marked by samples CP-04 and AR-02i contribute important data by providing
direct U-Pb dating on geological evidences of sea level position in the Upper Miocene, before
and at the onset of the MSC. Sea-level elevations documented by samples of Pliocene and
Pleistocene ages were translated into GMSL, by applying the GIA and uplift corrections.
Consequently, new GMSL estimates of -1.1 mapsl and 5 mapsl at 1.25 ± 0.09 Ma and 0.8 ± 0.16
Ma, respectively are provided. By using POS as robust proxies for past sea level stands, this
work advances our understanding of the complex sea level variability and is useful for estimating
global ice volumes at times when they formed.
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Abstract:
This paper reports the ﬁrst results on δ18O and δ2H analysis of precipitations, cave drip waters, and groundwaters from sites in
Mallorca (Balearic Islands, western Mediterranean), a key region for paleoclimate studies. Understanding the isotopic variability
and the sources of moisture in modern climate systems is required to develop speleothem isotope-based climate reconstructions.
The stable isotopic composition of precipitation was analysed in samples collected between March 2012 and March 2013. The
values are in the range reported by GNIP Palma station. Based on these results, the local meteoric water line (LMWL) δ2H = 7.9
(±0.3) δ18O + 10.8 (±2.5) was derived, with slightly lower slope than Global Meteoric Water Line. The results help tracking two
main sources of air masses affecting the study sites: rain events with the highest δ18O values (> !5‰) originate over the
Mediterranean Sea, whereas the more depleted samples (< !8‰) are sourced in the North Atlantic region. The back trajectory
analysis and deuterium excess values, ranging from 0.4 to 18.4‰, further support our ﬁndings. To assess the isotopic variation
across the island, water samples from eight caves were collected. The δ18O values range between !6.9 and !1.6‰. With one
exception (Artà), the isotopic composition of waters in caves located along the coast (Drac, Vallgornera, Cala Varques, Tancada,
and Son Sant Martí) indicates Mediterranean-sourced moisture masses. By contrast, the drip water δ18O values for inland caves
(Campanet, ses Rates Pinyades) or developed under a thick (>50 m) limestone cap (Artà) exhibit more negative values. A
well-homogenized aquifer supplied by rainwaters of both origins is clearly indicated by groundwater δ18O values, which show
to be within 2.4‰ of the unweighted arithmetic mean of !7.4‰. Although limited, the isotopic data presented here constitute
the baseline for future studies using speleothem δ18O records for western Mediterranean paleoclimate reconstructions.
Copyright © 2016 John Wiley & Sons, Ltd.
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2

Stable isotopes (δ O and δ H) have long been identiﬁed
as valuable tracers in studying past and present
hydrological cycle (Fricke and O’Neil, 1999; Darling,
2004; Gat, 2010; Genty et al., 2014; Guo et al., 2015).
The δ18O and δ2H values of past precipitation are
recorded and preserved in a variety of archives, such as
ice cores, tree rings, peat, lake and deep-sea sediments,
corals, or speleothems (Swart et al., 1993; Lowe and
Walker, 2015). In the past two decades, the role of
speleothems in paleoclimate reconstructions increased
signiﬁcantly (see Fairchild and Baker, 2012, and
references therein).
*Correspondence to: Bogdan P. Onac, Karst Research Group, School of
Geosciences, University of South Florida, 4202 E. Fowler Ave., NES 107,
Tampa, FL 33620, USA.
E-mail: bonac@usf.edu (Bogdan P. Onac)

Speleothems are cave deposits largely made of calcite
or aragonite precipitated from CaCO3-oversaturated
solutions. The oxygen in speleothems originates from
rainwater falling at surface and percolating down through
the soil and bedrock into the cave. Under optimal
conditions (e.g. caves with no or negligible evaporation,
no signiﬁcant pCO2 gradients, etc.), the δ18O values in
speleothems will reﬂect the isotopic signature of precipitation (Hendy, 1971; Lachniet, 2009; Feng et al., 2014).
Thus, by measuring the stable isotope signature among
other speleothem proxies (e.g. growth rate, Mg concentration, 87Sr/86Sr, etc.), a wealth of paleoclimate information (e.g. precipitation source and amount, temperature,
etc.) becomes available (Dorale et al., 2002; McDermott,
2004; Pape et al., 2010; Luetscher et al., 2015).
Understanding the processes controlling the isotopic
variability and the source of moisture in modern climate
systems is required to better explain past changes

Copyright © 2016 John Wiley & Sons, Ltd.
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recorded in cave deposits. This further helps assessing
how the present day climate signal is transferred from
meteoric water into speleothems, which are then used in
isotope-based climate reconstructions (Baldini et al.,
2010; Polk et al., 2012; Feng et al., 2014).
The variations of δ18O values in meteoric water (and in
subsequently precipitated cave carbonates) are inﬂuenced
by several processes occurring during moisture formation
and its transport from the source zone to the cave site
(Gat, 2000; Lachniet, 2009, and references therein).
Among these, temperature is a key factor that controls the
condensation of atmospheric water vapor, but, depending
on the cave location, effects of continentality, elevation,
amount, source, and ocean temperature could also be
signiﬁcant (Lachniet, 2009; Beddows et al., 2016). As
rainwater passes through soil and epikarst (the highlyfractured carbonate bedrock immediately beneath the soil)
towards the cave, its isotopic composition can change
because of evaporative processes (Markowska et al.,
2016). Differences in water residence times and pathways
within the epikarst may also alter the initial isotopic
composition of precipitation by mixing waters of various
moisture sources and/or different rain events. All these
factors play a major role in deﬁning the isotopic signal of
cave drip waters, which often deviates signiﬁcantly from
that of the original rainwater composition (Luo et al.,
2013; Genty et al., 2014; Moreno et al., 2014).
The western Mediterranean basin is a key region for
paleoclimate studies because it occupies a climatic
transition zone inﬂuenced by both polar and subtropical
air-masses (Celle-Jeanton et al., 2001; Martrat et al.,
2004; Frot et al., 2007; Hodge et al., 2008). Here we
present the ﬁrst results on stable oxygen and hydrogen
isotope composition of precipitation, cave drip water, and
groundwater collected from different sites in Mallorca,
Balearic Islands. Interpreting the isotopic variability of
meteoric waters on this island is a challenging and
complex task, considering the low amount of rainfall and
its isotopic composition, which is inﬂuenced by either, or
both, the cool North Atlantic Ocean and the much warmer
Mediterranean Sea. This study captures representative
information to address three key problems: (1) to what
extent the δ18O values of rainwater in Mallorca reﬂect
different moisture sources, (2) how similar is the isotopic
composition of water in cave drips and rainfall, and (3)
what is the spatial variability of drip water δ18O across the
Island of Mallorca and within the investigated caves.

African continent (Fiol et al., 2005). With an area of
3640 km2 (García and Servera, 2003), it is the largest
landmass of the Balearic Archipelago. Mallorca has a
typical Mediterranean climate, with hot, dry summers
and mild, wet winters, with mean annual precipitations
varying between 300 and 500 mm in southeast and
600–1200 mm along the Tramuntana Range (Kent
et al., 2002; Ginés et al., 2012). The relatively low
intensity, but spatially extensive winter precipitations
are related to incursions of Atlantic systems, which
may affect the entire island. In contrast, the warm
season precipitations are far more scattered both in
time and space (Sumner et al., 2001). Local moderateto-severe thunderstorm events occur under sea-breeze
conditions during the summer dry season, bringing as
much as 125 mm of rain in coastal areas (AzorínMolina et al., 2009). The weather remains warm
throughout the year, with a mean annual temperature
around 16–17 °C, but exceptionally it can reach 41 °C
during summer and !6 °C in the winter (Ginés et al.,
2012).
Previous studies conducted in the western Mediterranean showed that the isotopic composition of rainfall is
mainly inﬂuenced by the variability in the source of
moisture and trajectories of air masses (Figure 1A). The
vapor masses formed over the Mediterranean basin
produce 18O-enriched (!4.6‰) rains, whereas those
derived from the North Atlantic Ocean are characterized
by 18O-depleted (!8.5‰) rains because of their longer
rainout trajectory over the Iberian Peninsula and lower
temperatures at the source (Celle-Jeanton et al., 2001;
Díaz et al., 2007). However, within the western
Mediterranean basin there are no real boundaries
between the two contrasting air masses, but rather various
mixing proportions of moisture originating from these
source regions.
METHODS AND SAMPLING SITES
In order to characterize the water isotopic variation in
Mallorca, a total of 60 samples (33 cave drip or pool
waters, 11 groundwaters, and 16 rainfalls) were collected
in two different campaigns and are discussed in further
detail. In all cases, 4-ml glass vials were ﬁlled to the top
and capped to prevent kinetic fractionation through
evaporation and kept at 4 °C until measurement time.
Additionally, the vials were sealed with Paraﬁlm. A short
description of the samples type and provenance is
presented below.

STUDY AREA
The Island of Mallorca is located in the western
Mediterranean (Figure 1A), off the eastern coast of
Spain (~190 km) and about 250 km north of the
Copyright © 2016 John Wiley & Sons, Ltd.

Rainwater samples

Except for October and November, Mallorca experiences irregular and limited rainfall events each year. This
Hydrol. Process. 31, 104–116 (2017)
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Figure 1. A) Map showing the main trajectories of air masses affecting the western Mediterranean; B) sampling sites locations: a—Coves de Campanet;
b—Coves del Drac; c—Cova des Pas de Vallgornera; d—Coves d’Artà; e—Cova Tancada; f—Cova de Cala Varques; g—Cova de Son Sant Martí; h—
Cova de ses Rates Pinyades; i—Selva; k—Valldemossa, m—Pou de Judí, n—Font des Teix, o—Font Sorda de Son Cocó, p—Font Major, r—Font de
s’Aritja, s—Pou de Can Carro

makes difﬁcult to collect rainwater on a monthly basis
and therefore, no long-term monitoring was attempted.
However, 15 samples representing single rainfall events
were collected between March 2012 and March 2013 at
the University of Balearic Islands, Palma campus UIB
(12), Selva (2), and Alcúdia (2) (Table I). One additional
sample was collected in May 2015 from Selva (Figure 1
B, i), a village in northwestern part of the island, in the
close vicinity of Campanet Cave. As suggested by the
summaries of monthly meteorological data provided by
NOAA (2015), the precipitation regime remained almost
identical over the past 5 years.
Copyright © 2016 John Wiley & Sons, Ltd.

Cave waters

Water aliquots from pools or actively dripping sodastraws were sampled from eight caves located in different
geographic and geologic settings across the island
(Figure 1B). Sample codes and locations, as well as host
rock type with its age and thickness above each cave are
listed in Table II. Additional morphological and underground climatic parameters (temperature, relative humidity (RH), and CO2 concentration) information on
Campanet, Artà, Drac, and Vallgornera caves are
available in Dumitru et al. (2015). To facilitate the
Hydrol. Process. 31, 104–116 (2017)
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Table I. Isotopic data of precipitations collected in Palma campus
UIB, Selva, and Alcúdia.
Meteoric precipitation
(sampling date and location)

δ18O (‰)

d-excess (‰)

March 20, 2012
April 5, 2012
May 1, 2012
June 3, 2012 (Alcúdia)
September 2, 2012 (Alcúdia)
October 30, 2012 (Selva)
November 10, 2012
November 11, 2012 (Selva)
November 17, 2012
November 18, 2012
November 28, 2012
January 24, 2013
January 28, 2013
February 23, 2013
March 13, 2013
May 22, 2015 (Selva)

!2.90
!3.90
!5.50
!3.71
!2.94
!8.71
!2.20
!8.55
!6.40
!5.00
!10.40
!11.40
!9.70
!5.40
!15.10
!2.41

12.20
0.40
13.20
18.37
16.46
11.26
9.30
11.50
6.40
10.80
15.60
9.90
5.00
17.10
16.00
18.42

context of understanding the isotopic variability in the
other four caves, their main characteristics are presented
below.
Cova Tancada (~120 m in length) opens on the eastern
side of the Alcúdia Peninsula at ~10 m above sea level
(asl) (Figure 1B, e). The cave develops in upper Jurassic
limestones and consists of a series of passages and large
chambers, all extremely well decorated (Hodge, 2004).
Bedrock thickness on top of the cave varies between 5
and 25 m. Because of its large entrance, the cave
temperature and RH are heavily impacted on the ﬁrst
10–15 m by the outside conditions. Except for the access
passage in the largest chamber (in the inner part of the
cave) where a draft is felt year around, the climatic
parameters are rather constant (18.5 ± 0.2 °C and over
85% RH).
Cova de Son Sant Martí is located in the northern part
of the island, 5 km southwest of Alcúdia (Figure 1B, g).
The cave entrance is a large collapse, but a stone staircase
facilitates the access down to the ﬂoor of the cave where
two chapels were constructed during the 13th and 14th
century. The cave passages (~120 m) are carved in lower
Jurassic limestones, are poorly decorated, and situated
15 m below the surface.
Cova de ses Rates Pinyades is a relatively complex but
rather small (300 m) karst cave developed in lower
Jurassic limestones, ca. 5 km east of the Inca city
(Figure 1B, h). The entrance gives access to a collapse
chamber that connects, through a tight passage, with two
lower level passages disposed along a prominent
subvertical fracture with a NNE-SSW orientation; these
are located at depths around 20 and 40 m, respectively.
The cave is poorly decorated and the only water sample
Copyright © 2016 John Wiley & Sons, Ltd.
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was collected immediately after the narrow passage
leading to the !20 m level from the tip of a soda straw.
Cova de Cala Varques is located on the eastern coast
of Mallorca, 6 km south of Coves del Drac (Figure 1B,
f). It is a short (150 m) and shallow cave (less than 10 m
below the surface) that developed in upper Miocene
reefal limestones and calcarenites (Gràcia et al., 2000).
Cala Varques opens at 1 m asl and ~20 m from the coast
and shows a profusion of speleothem decoration. No
detailed data exist on the cave microclimate; occasional
temperature measurements range between 20.3 and 21 °C
(±0.2 °C).
Groundwater samples

The isotopic signature of local groundwater was
investigated in four types of bottled water corresponding
to the following springs: Font des Teix in Bunyola
(aquifer located at !461 m below present sea level; bpsl),
Font Sorda de Son Cocó situated in Alaró (!239 m bpsl),
Font Major in Esporles (!286 m bpsl), and Font de
s’Aritja in Bunyola (!474 m bpsl). All springs are hosted
by Upper Triassic to Lower Jurassic limestones and
dolostones (Figure 1B). The impervious horizon consists
of Keuper facies rocks (siltstones and gypsum) and
basalts of Upper Triassic age (Fornós et al., 2002).
Samples from shallow groundwater-fed wells in
Valldemossa, Pou de Judí, Selva, and Campanet villages
were also sampled for this study. In addition, two samples
were recovered from a pool located in the lowermost part
of Pou de Can Carro, a vertical cave reaching the local
water table at ~ !40 m.
Sample analysis

Oxygen and hydrogen isotopes were measured at the
Babeş-Bolyai University Stable Isotope Laboratory in
Cluj-Napoca (Romania), using Cavity Ring-Down Spectroscopy (Berden et al., 2000; Berden and Engeln, 2009)
Picarro L2130-i instrument and vaporizer (used in highprecision mode) following the method described by
Wassenaar et al. (2012, 2013). Internal laboratory
standards were calibrated using VSMOW2 and SLAP2
international standards. All δ18O and δ2H values obtained
are expressed in per mil (‰) (Craig, 1961) and
normalized to the VSMOW-SLAP scale. Measurement
precision is typical < 0.025‰ for δ18O and < 0.1‰ for
δ2H. The reproducibility between measurements of
duplicate samples is ~0.07‰ and ~0.17‰ for δ18O and
δ2H, respectively.
Storm trajectories

To trace the origin of storms delivering precipitation to
our site, we used the Hybrid Single-Particle Lagrangian
Integrated Trajectories (HYSPLIT) model (Draxler and
Hydrol. Process. 31, 104–116 (2017)
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Table II. List of investigated caves, their geologic setting, and isotopic data.
Location

Station
name

Sampling site

Host rock age and
thickness above cave

Coves de Campanet

CAM 1

Pool in Sala Romàntica

Upper Triassic
dolostone (5–20 m)

CAM 2

Soda straw above pool
in Sala Romàntica
Dripping point, left side
of Sala Romàntica
Soda straw, right side
of Sala Romàntica
Soda straw, left passage
towards Sala del Llac
Pool in Sala del Llac
Soda straw at the end
of Sala del Llac
Soda straw between Sala
del Llac and Palmera
Small pool in Sala del Llac
Large pool in Sala del Llac
Soda straw at the end of
Sala del Llac

CAM 3
CAM 4
CAM 5
CAM 6
CAM 7
CAM 8
CAM 9
CAM 10
CAM 11
Coves del Drac

Cova des Pas
de Vallgornera

Coves d’Artà

Drac 1
Drac 2
Drac 3
Drac 4
Drac 5
VLG-1
VLG-2
VLG-3
VLG-4
VLG-5
ARW 1
ARW 2
ARW 3
ARW 4

Cova Tancada

CT 1
CT 2
CT 3
CT 4

Cova de Cala Varques

CVB 1
CVB 2

Cova de Son
Sant Martí
Cova de ses
Rates Pinyades

CSM
RPC

d-excess (‰)

!4.15

11.77

!4.77

13.41

Upper Miocene
limestone (15 m)
Soda straws in Cova Blanca
Soda straws in the
Entrance Room
Pool Sector Nord
Soda straw Sector N
Soda straw Sector F
Soda straw between Inferno
and Purgatorio
Manmade water pool near Inferno
Pool on the right side descending
from “Heaven”
Small pool on a dome before
exiting the cave
Soda straw in the ﬁrst chamber,
near entrance
Soda straw before entering the
big chamber
Pool at the entrance in the big
chamber (left side)
Soda straw at the far end of the
big chamber
Soda straw right after
constricted passage
Soda straw in the upper part
of second chamber
Soda straw near the end
of the stairs
Soda straw before the
vertical passage

Hess, 1997; 1998; Draxler, 1999; Stein et al., 2015). Back
trajectories were calculated for a period of 96 h before
arrival at an altitude of 2000 m above the ground for all
sampled rainfall events.
Copyright © 2016 John Wiley & Sons, Ltd.

δ18O (‰)

Upper Miocene
limestone (10 m)

Middle Jurassic
limestone (20–150 m)

Lower Jurassic
limestone (5–30 m)

Upper Miocene
limestone (5 m)
Lower Jurassic
limestone (15 m)
Lower Jurassic
limestone (20 m)

!6.87

12.60

!5.88

12.95

!6.11

13.01

!6.69
!6.21

12.87
13.43

!6.90

13.57

!6.43
!6.35
!6.58

10.10
10.67
11.78

!4.60
!4.81
!4.43
!4.79
!4.49
!4.90
!4.90
!4.81
!4.71
!4.78
!3.68

9.60
20.24
23.96
20.68
21.51
8.00
22.62
22.80
22.18
22.13
14.97

!5.20
!6.81

14.29
15.72

!6.33

15.25

!3.59

9.53

!4.17

17.10

!1.66

9.15

!3.28

16.46

!4.21

12.60

!4.86

13.13

!5.10

12.99

!5.85

13.16

RESULTS
The isotopic signature of precipitations exhibits signiﬁcant variation, from !15.1 to !2.2‰ for δ18O and from
!104.8 to !8.3‰ for δ2H. We compared our results with
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Figure 4. The relationship between GMWL (dashed line) and the local meteoric water lines constructed based on δ O and δ H values of precipitation
from GNIP Palma (orange) and this study (blue). Also plotted are groundwaters samples (open blue squares)

The isotopic composition of most cave waters largely
overlaps the Mediterranean-sourced summer precipitation
ﬁeld (yellow area in Figure 5A). Because in each cave the
isotope signature of drip waters is rather distinct, they are
discussed separately.
The stable isotope ratios of pool waters are similar to
those of drips feeding them, suggesting that nonevaporative conditions exist within Coves de Campanet.
This statement is supported by constant temperature (21
± 0.2 °C) and RH (>90%) measured throughout the year.
The δ18O values range between !6.9 and !4.1‰,
overlapping some of the GNIP winter rainfalls. The cave
waters have an unweighted arithmetic average of !6.5
± 0.3‰, after omitting two samples collected near the
cave entrance (CAM 1, CAM 2; Table II), which may
have been affected by non-equilibrium effects. The
presence of active air circulation in this section of the
cave (Dumitru et al., 2015) can account for higher
evaporation rates, and thus more positive values.
The amount of precipitation falling at this inland
location during summer is insigniﬁcant. Consequently,
most of the rainwater is more likely to be lost to
evapotranspiration prior to inﬁltrating into the epikarst;
hence, cave summer recharge is very low or absent.
Instead, the increase in fall/winter precipitation correlates
with an increase in recharge, when a high rate of
inﬁltration efﬁciency is expected during periods of
Copyright © 2016 John Wiley & Sons, Ltd.

above-average precipitation. This situation has been
tested in November 2012, after a 5-month long drought
in the Campanet area. Following a rainy period extending
from October 30 to November 28 (Table I), most
stalactites and soda straws in Campanet were active.
The δ18O values of samples CAM 9 to 11 collected in
Sala del Llac (Table II) within 2–3 days of two major
rainfalls (October 30 and November 11) are ~2‰ more
18
O-enriched, relative to the rainwater collected in Selva,
indicating very short residence time and some mixing
with water stored in the vadose zone. However, if
considering the average of all rainfall events recorded in
the above-mentioned period, the difference is only 0.5‰,
suggesting that an effective isotopic homogenization
occurred along the vertical ﬂow path. Thus, it is safe to
assume that reactivation of dripping in Campanet
beginning with November 2012 was triggered by these
heavy rainfalls. Because the back trajectory analysis of all
these rain events indicates an Atlantic sourced moisture
(Figure 3A), the low δ18O values of Campanet waters
primarily reﬂect the composition of precipitations
originating from this region.
The difference between δ18O values in coeval drip waters
in Coves del Drac and Cova de Cala Varques is small
(<0.7‰; Table II), whereas in Cova des Pas de
Vallgornera it shows signiﬁcantly less variability, ranging
between !4.9 and !4.7‰. Combining the inferences
Hydrol. Process. 31, 104–116 (2017)
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speculative. However, their δ18O and d-excess values
combined with the rest of our isotope data provide
support for the origin of the air masses feeding the drip
water in caves across Mallorca Island.
In caves located very close to the coast, one may expect
cave-dripping water to be a mix of rain, fog drip (Aravena
et al., 1989), or seawater spray (Caballero et al., 1996).
However, the δ18O of the majority of our cave drip waters
plot slightly above the MaWL (Figure 5B), implying only
meteoric water reaches the dripping sites. Fog is a seasonal
phenomenon that is common for the central-eastern part of
the island where no caves were sampled; hence, its
potential role as a source of water was not considered.
It is worth noting that with one exception (Artà), the
δ18O of drip water sampled in caves located within 500 m
from the coast, fall close to, or above the average isotopic
value expected for Mediterranean sourced moisture masses
(Figure 6). Artà is a special case because of the thick
vadose zone above the cave that allows for an effective
isotopic homogenization of seasonal rainfall events.
The isotopic signature of water samples in caves
located further inland (>10 km) approaches or overlaps
the estimated δ18O isotopic range (!6.9 to !6.1‰;
Figure 6) calculated for locations in Mallorca (0–400 m
altitude) using the algorithm developed by Bowen and
Revenaugh (2003). This theoretic ﬁeld appears to
characterize the isotopic composition of well-mixed
reservoirs in the vadose zone, in which approximately
equal amounts of Mediterranean and Atlantic rainfalls are
homogenized. The sample from Son Sant Martí plots
slightly below the average δ18O value of the Mediterranean precipitations. The possible reason for the somehow
more 18O-depleted drip water could be the distance from
the sea (1.2 km) or lesser contribution from 18O-enriched
rainfalls associated with sea breeze fronts.
Groundwater samples

Compared to the more scattered values of rainfalls
(!15.1 and !2.2‰), the isotopic composition of

groundwaters exhibits a narrower range of variation
(Figure 4), indicating an efﬁcient isotopic homogenization of different rain events (Cruz et al., 2005; Onac et al.,
2008; Pape et al., 2010). The d-excess ranges from 12.3
to 25.9‰ with a mean value of ~17‰. Also seen in
Figure 4 is that all groundwater samples are situated
slightly above the GMWL and MaWL. The highest δ18O
values of !5.4 and !5.2‰ measured in Can Carro Cave
characterize an unconﬁned aquifer fed by meteoric water
heated at depth whereupon it rises back (Mateos et al.,
2005). An enriched value (!6.1‰) was also measured in
the water sample from Pou de Judí Well, which is very
close to that of drip water collected from Rates Pinyades
Cave (!5.9‰). Both locations are in the Inca basin, for
which we infer a mix source feeding the epikarst-storage
reservoir.
Taken together, the d-excess values and the isotopic
data of local groundwater suggest that the main part of
Mallorca’s long-term aquifers recharge is predominantly
supplied by Atlantic-origin vapor masses. Fog drip has
been documented to contribute to groundwater recharge
(Ingraham and Matthews, 1988; Prada et al., 2015).
However, all our sampled sites are lying outside the fog
area known in Mallorca; therefore, the input from fog drip
is negligible. Without a larger isotope dataset, speciﬁc
information on individual rain events, and the age of
groundwater, it would be speculative to draw any further
conclusions on the origin and type of precipitation events
dominating recharge.

CONCLUSIONS
Our work adds new information on isotopic variability of
meteoric precipitation, drip water, and groundwater from
Mallorca, a potential key site for speleothem-based
paleoclimatic and sea-level reconstructions.
The MaWL (δ2H = 7.9 δ18O + 10.8) constructed on
the basis of a year-long sampling of individual rainfall

18

Figure 6. Mean cave drip water δ O values versus distance from the Mediterranean Sea coast. Shaded rectangle encompasses the estimated isotopic
range for Mallorca (see text for details)
Copyright © 2016 John Wiley & Sons, Ltd.
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events is much closer to the GMWL compared to the
one generated using the GNIP Palma database
(δ2H = 6.6 δ18O + 1.7). The lower slope of the GNIP
Palma meteoric water line reﬂects the much longer
sampling interval that averages the effects of storms
originating in different source areas and some small
differences in evaporative isotope fractionation of H
and O, respectively.
In this study, ﬁve out of eight caves are located within
0.5 km of the coastline (Figure 1B). Four samples plot to
the right of MaWL, pointing out that they may have
experienced evaporation prior to percolating through the
thin soil and epikarst zone. The samples above MaWL
may originate from rainfalls enriched because of
enhanced ocean moisture recycling.
The data available for this study are clearly insufﬁcient
to explain conclusively the observed isotopic spatially
variability across the island of Mallorca or within the
caves. However, collectively, the δ18O values of precipitations, which are in the range of GNIP data, and those of
cave drip water help tracking two main origins of air
masses affecting the study sites. The enriched 18O values
and d-excess >10‰ of drip waters in Drac, Vallgornera,
Cala Varques, Tancada, and Son Sant Martí caves indicate
vapor masses of Mediterranean origin, likely related to
local thunderstorms developed along the sea-breeze fronts.
The more 18O-depleted values measured in Campanet, ses
Rates Pinyades, and parts of the Artà caves may reﬂect a
dominant contribution from rains of Atlantic source area.
Different mixing, evaporation rates, and ﬂow pathways
within the epikarst may also impact the ﬁnal isotopic
composition; however, no recharge data are available to
assess the role of these processes.
The spatial pattern of cave drip δ18O values across
Mallorca can be primarily attributed to the source area
(Mediterranean vs Atlantic) of the water vapor in the rain
bearing clouds. In addition, the amount of rainfall per
event, frontal depressions versus convective storms,
evaporation, and moisture recycling could also cause this
range of δ18O values. As for the δ18O variability within
Campanet, Tancada, and Artà caves, for which four or
more samples were analysed, the following factors might
be responsible: (1) thickness of the bedrock above the
cave, which controls water residence time and thus the
degree of isotopic homogenization, and (2) particular
cave climatic conditions (i.e. RH, temperature, and
ventilation). Any of these physical drivers can potentially
modify the δ18O values of drip water at a speciﬁc location
within the cave.
Oxygen and hydrogen isotopes in rainfall and drip
water are key to understanding past variability of
moisture sources. It is expected that speleothems from
inland caves and/or those having a thick vadose zone
above them are ideal for reconstructing annual or greater
Copyright © 2016 John Wiley & Sons, Ltd.

scale variations in western Mediterranean paleoclimate.
The isotopic composition of drip water from such caves
likely reﬂects predominantly Atlantic sourced moisture.
In contrast, speleothem paleoclimate records from caves
along the coast having a thin limestone cap and thus fast
recharge to drip sites will likely provide a seasonal signal
associated with precipitations generated by moisture
masses that originate from the Mediterranean.
This dataset constitutes the baseline for future studies
aiming to assist speleothem-based paleoclimate reconstructions in the western Mediterranean basin.
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The western Mediterranean region is exceptionally vulnerable to predicted climate changes of increasing temperature and aridity. Characterizing past climate oscillations since the last interglacial (LIG) is critical to understand climate patterns during the present warm period. Here we present an accurately dated speleothem
record (CAM-1) of paleoclimate between 121 and 67 ka from the island of Mallorca. The growth history combined with the isotopic record and mineral changes, provides evidence of dramatic climatic shifts in the western
Mediterranean. Isotopic equilibrium deposition was assessed by Hendy tests and by comparing the δ18O in
modern drip water with newly precipitated calcite. We argue that variability of δ18O in CAM-1 is mainly related
to changes in source of precipitation, whereas high δ13C values reﬂect a dry climate. Calcite rather than aragonite growth is related to cooler, drier climate. The MIS 5e/5d transition, C24, C23, and C21 cold events
concomitantly recorded in CAM-1, ODP 984, and NGRIP highlights the teleconnection between high and midlatitudes in the Northern Hemisphere. Our record reveals a prolonged aridity during MIS 5c and a sudden
climate shift from drier to wetter conditions beginning with MIS 5b. A growth hiatus at 67 to 53 ka probably
marks the driest period, after which slow calcite growth indicates markedly drier climate during the last glacial
and Holocene than during MIS 5. Many of the signiﬁcant changes in growth rates and stable isotopic composition
are synchronous with events that are likely driven by regional climate and large circulation patterns linked to the
North Atlantic.

1. Introduction
The geographic position of the Mediterranean Basin makes this region particularly vulnerable to climate change, where predicted global
warming and changes in precipitation regime (Adloﬀ et al., 2015) are
likely to generate major societal and economic impacts
(Giannakopoulos et al., 2009; IPCC, 2013). In order to assess future
regional hydrologic vulnerability, a thorough understanding of Mediterranean climate forcing, internal variability, and responses triggered
by past climate ﬂuctuations is required. The last interglacial period
(LIG) is of a great interest for both paleoclimatologists and climate
modelers as it is considered to be an interval when temperatures were
higher than today, thus a possible analogue for future warmer climates
(Tzedakis, 2003; Sprovieri et al., 2006; Bardají et al., 2009; Nehme

⁎

1

et al., 2015; Vansteenberge et al., 2016). Records of climate variability
in the Mediterranean Basin since the last interglacial period (LIG) are
numerous and come from a variety of terrestrial and marine archives,
such as sea sediments, pollen, speleothems, etc. (Sánchez Goñi et al.,
2002; Moreno et al., 2005; Drysdale et al., 2007; Hodge et al., 2008a, b;
Abrantes et al., 2012 and references therein; Rohling et al., 2013;
Nehme et al., 2015). These studies show evidence of signiﬁcant sitespeciﬁc hydro-climate changes indicating that the Mediterranean region is sensitive to both mid-latitude and subtropical circulation patterns (Rohling et al., 2009; Lionello, 2012). Speciﬁcally, the eastern
Mediterranean regions strongly respond to changes in the intensity of
the African and Indian Ocean monsoons, whereas the western Mediterranean parts respond to the North Atlantic Oscillation (NAO) and
Western Mediterranean Oscillation (WeMO; Martín-Vide and López-
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Fig. 1. A. Map showing Mallorca (rectangle) in the western Mediterranean along with other paleoclimate sites discussed in the text (MD95-2042: marine core; GC:
Gitana Cave; ODP-977A marine core; VC: Villars Cave; CC: Corchia Cave; POP: lacustrine sequence); B. Location of Campanet, Cala Falcó, and Tancada caves within
Mallorca; C. Campanet Cave map with the sampling site of CAM-1 stalagmite (red star). (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

record, and mineral changes), we report a continuous insular record
from the western Mediterranean for the period between 121 and 67 ka.
The main goal of this paper is to identify the physical processes that
triggered the observed variation in CAM-1 growth rates, mineral
changes, and δ18O and δ13C values. Considering the unique location of
Mallorca within the Western Mediterranean, this study further advances our understanding of the factors responsible for climate variability and helps identifying the major past climatic events in this region.
Our study evaluates the following hypotheses:
First, CAM-1 is precipitated in isotopic equilibrium with the seepage
water, and thus, the δ18O values of the stalagmite reﬂect the δ18O values of precipitation from the surface. Under present-day high relative
humidity and poor ventilation at the sampling site (Dumitru et al.,
2015), evaporation is negligible, suggesting the likelihood of isotopic
equilibrium during speleothem deposition. To further test this hypothesis we compare the δ18O values of newly precipitated aragonite in
a soda straw with predicted values calculated from the δ18O values of
drip water and a fractionation factor for the cave temperature. Additionally, we examined the isotopic equilibrium by performing four
Hendy tests (Hendy, 1971).

Bustins, 2006), which are widely considered the most important sources
of climate variability for the western regions. These contrasting settings
may explain some inconsistencies between paleoclimate reconstructions using diﬀerent archives. However, regional climate variability
remains diﬃcult to understand since discrepancies exist even between
records situated in close proximity. This lack of understanding represents a major source of uncertainty for estimating future regional
hydrologic vulnerability, thus the need for new accurate, high-resolution records, especially for the western Mediterranean region.
For the past two decades, speleothems have been widely recognized
as ideal climate archives due to their long term preservation of climate
signals, the ability to provide precise and reliable U-series chronology,
and the variety of climatic proxies that can be measured (Dorale et al.,
2002; Fairchild and Baker, 2012; Lachniet, 2009; Frisia, 2015; Wong
and Breecker, 2015). To ﬁll in the existing gap of paleo-records and to
better understand the forcing mechanisms behind the climatic pattern
observed during the LIG in the western Mediterranean, we present here
a detailed isotopic record (δ13C and δ18O) of a precisely dated stalagmite (CAM-1) from Campanet Cave, Mallorca (Fig. 1A). By using a
multi-proxy approach (the growth history combined with the isotopic
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(Coves de Campanet), which is located on the southern slope of Sant
Miquel Hill (65 m above sea level) at the foothill of Serra de Tramuntana, in the northern part of Mallorca (Fig. 1B, C). The total length
of its galleries, all developed in Upper Triassic (Rhaetian) dolomites, is
397 m (Ginés and Fornós, 2015). The upper 22.5 cm of stalagmite CAM1 was recovered from Sala del Llac (Fig. 1C), a poorly ventilated
chamber near the far north end of the cave (Dumitru et al., 2015). The
temperature in this section of the cave remains essentially constant
throughout the year (mean annual value of 18.8 ± 0.2 °C) with a relative humidity higher than 95%.
The present-day vegetation around and over the cave is a C3-type
and belongs to the meso-thermomediterranean subhumid-humid series
of Quercus ilex and Cyclamen balearicus (Bolòs, 1996; Llorens and Gil,
2017). This association characterizes the vegetation of the karst areas in
the Serra de Tramuntana where presence of a thin soil horizon
(< 25 cm) causes low biodiversity (Llorens et al., 2007) and facilitates a
fast transit of rainwater into the epikarst and ultimately to the cave.
Modern climate in Mallorca is typical Mediterranean, with hot/dry
summers and mild/wet winters, although temperature on the island
remains relatively warm throughout the year (mean annual temperature is 16.6 °C, with 31.1 °C and 5.6 °C as the average of daily maximums and minimums of the hottest and coldest month, respectively;
Guijarro, 1995). Although Mallorca appears to experience a straightforward climate pattern, large ﬂuctuations in the amount of annual and
seasonal precipitation can occur (Guijarro, 1995).
The Balearic Islands are mainly aﬀected by the gyres of the Northern
Current ﬂowing southwards along the Iberian Peninsula, which creates
the thermal North Balearic Front (López García et al., 1994; Millot,
1999; Bardají et al., 2009). The position of the North Balearic Front is
inﬂuenced by the migration of north-westerlies. Between May and
October, when the subtropical high-pressure belt is displaced to the
north, the region experiences intense drought, with rainfall events
being much more scattered in both time and space than it is in the cool
season. Most of the summer precipitation results from moderate-to-severe thunderstorm events under sea-breeze conditions (Azorín-Molina
et al., 2009). These events are triggered by local convection associated
with the E and NE ﬂow of Mediterranean moisture and cyclogenetic
processes in the Mediterranean Basin itself (Sumner et al., 2001).
During the cooler season, from November to April, Mallorca lies at the
southern edge of the westerly wind belt when the surface pressure is
generally reduced. This enables more frequent incursions of precipitation related to western Atlantic moisture (Celle-Jeanton et al., 2001;
Martín-Vide and López-Bustins, 2006) that mainly aﬀects the western
and northern part of the island. Mallorca's distinctive topography produces a pronounced rainfall gradient, with mean annual precipitation
in excess of 1000 mm/yr in the northern and western parts of the island.
In contrast, the eastern and southern coastal fringes receive < 400 mm/
year (Sumner et al., 1993).

Second, the source and amount of precipitation are the main controllers of δ18O ﬂuctuations along the growth axis. There are two main
sources of precipitation in the western Mediterranean, as evidenced by
δ18O and δ2H water isotopic study (Celle-Jeanton et al., 2001), as well
as deuterium excess and back trajectory analysis (Cruz-San Julian et al.,
1992; Dumitru et al., 2017): Mediterranean, with δ18O values higher
than −4.6‰ and North Atlantic, which are characterized by lower
δ18O values (< −8.5‰). Considering the present typical Mediterranean climate in Mallorca, we can also expect that large shifts seen in the
δ18O time series correlate with changes in precipitation amount.
Third, high δ13C values of the CAM-1 stalagmite result from low
biogenic CO2 supply and prior calcite/aragonite precipitation (PCP/
PAP) in the unsaturated zone above the cave (Mickler et al., 2006; Luo
et al., 2013). Large variations of δ13C in speleothems have been ascribed to major climate-driven vegetation shifts (C3- versus C4-dominated plant assemblages; Dorale et al., 1992). The δ13C value of soil
CO2 produced by C3 vegetation is expected to have an average of
−27.1‰, whereas C4 dominated sites have a mean value of −12.7‰
(Baker et al., 1997; McDermott, 2004). Our prediction is supported by
the lack of C4 vegetation in Mallorca (Bolòs, 1996). PCP or PAP may
also explain the higher values during periods of low rainfall (Moquet
et al., 2016), while excursions towards more negative δ13C values
should be coincident with periods of increased rainfall.
2. Regional settings and present-day climate
Stalagmite CAM-1 (Fig. 2) was collected from Campanet Cave

Post MIS-5
only calcite
HT4
C

MIS-5/4
A/C transition

HT3

A

Hiatus
MIS-5a/4

MIS-5b/a
C21

MIS-5c/b
MIS-5d/c
C24

HT2

3. Methodology

2 cm

3.1. U-series measurements
The U-Th separation chemistry follows the procedure described in
Asmerom et al. (2010). Sample powders (0.05 to 0.120 g) were milled
with a computer driven drill. These were dissolved in 15 M HNO3, then
spiked with a mixed solution of 229Th, 233U, and 236U, and ﬂuxed at
moderate heat for 1 h. One to two drops of perchloric acid was added to
samples while they were dried. Samples were then redissolved in 7 M
HNO3, and U and Th were separated using Eichrom 1 × 8, 200–400
mesh chloride form anion exchange resin. All samples were analyzed on
a Thermo Neptune multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) at the Radiogenic Isotope Laboratory of the
University of New Mexico in Albuquerque. U and Th runs were static,
and all isotopes were measured in Faraday cups, except for 230Th and
234
U, which were measured using a secondary electron multiplier. The

HT1

Fig. 2. Polished section of CAM-1 stalagmite showing the layers sampled for
Hendy tests (HT1 to HT4), as well as the major climatic events (e.g., C21, C24)
and transitions recorded. A-aragonite, C-calcite.
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To assess the mineral assemblage of CAM-1 stalagmite, 14 subsamples of roughly 50 mg each, were drilled from the most distinctive
growth bands. The samples were scanned from 5° to 75° 2θ (analytical
conditions: 50 kV, 40 mA, CuKα radiation) using a Bruker D8 Endeavor
X-Ray Diﬀractometer (XRD) at the University of South Florida. Phase
matching to diﬀraction patterns was performed using DIFRACPlus EVA
V.8.0 software. Eight thin sections covering the entire length of CAM-1
stalagmite were prepared for petrographic analysis (microstructure and
crystal fabrics).

121 and 67 ka (Fig. 4), with the highest values towards the end of both
MIS 5e and 5a (17 and 9 mm/kyr, respectively). The period between
110 and 95 ka represents very slow growth or possibly a brief hiatus.
Similarly, its growth rate progressively reduced at the onset of MIS 4 (9
to 2 mm/kyr) and ultimately ceased growing ~67 ka. The stalagmite
resumed its growth ~53 ka and for ~500 years grew rather fast
(average 6.5 mm/kyr), after which time growth rate decreased uniformly to 0.4 mm/kyr and maintained an average of 0.55 mm/kyr to its
top.
Microscopy observations and XRD tests indicate that the vast majority of CAM-1 stalagmite consists of acicular or elongated aragonite
crystals. Layers composed of compact, open, or fascicular optic columnar calcite crystals (Frisia, 2015) occur only in the upper 3 cm and
at few locations along the speleothem. A submillimeter-size milky white
lamina deposited over a corroded surface highlights the growth hiatus
occurring 3 cm from the top (Fig. 2).
Oxygen isotope values range from −6.5 to −0.9‰ (average
−3.6‰). From 121 to 115.3 ka the stalagmite δ18O values become
increasingly more positive reaching −2.5‰, then they decreased rapidly to −5.7‰ at 111.7 ka. After this date, δ18O began to increase to
−3.4‰ then plunged back to −5.3‰ before rising abruptly around
105.5 ka to a peak of −1.8‰. For the next 10 kyr, values steadily increased to a maximum of −0.9‰ followed by a sudden drop to −4.6‰
(~94 ka). Between 94 and 67 ka δ18O values ﬂuctuate within a 2.4‰
range (mean = −3.3‰). Beginning with 53 ka, the δ18O values show
less variations ranging between −4.1 and −2.1 ‰ (Suppl. data Fig. 1).
The δ13C values range between −10.4 and 0.5‰ with a mean of
−3.9‰ (Fig. 4). The carbon isotopic proﬁle display a similar trend as
the δ18O record, with the most 13C-enriched section occurring between
~105 and 95 ka and around 84.5 and 82.5 ka, respectively. The lowest
δ13C values occur at ~121 (−10.4‰) and ~109 ka (−8.8‰). After
53 ka the δ13C values increased gradually until ~35 ka, then dropped
continuously until 12 ka (−2.6‰).
Four Hendy tests sampled at ~67, 69, 108, and 117 ka (Fig. 2 and
Suppl. data Fig. 2) show variation in δ13C and δ18O values of < 0.4‰
with poor correlation (r2 < 0.14; p > 0.6). The δ18O-distance correlation in Hendy Test 4 (HT4) which was sampled at ~67 ka was the
highest (r2 = 0.42, p = 0.16) among all examined growth layers.
The average δ18O value of water from two locations within the Sala
del Llac is −6.5‰, whereas the recent aragonite at one of the dripping
sites in the same room has a δ18O value of −6.7‰.

3.4. Water δ18O and δ2H isotopic analyses

5. Discussion

Water aliquots from the main pool (1 sample) and one actively
dripping soda-straw (3 samples) in the Sala de Llac were collected in 4ml glass vials ﬁlled to the top, capped, and sealed. The samples were
kept at 4 °C to prevent kinetic fractionation through evaporation until
measurement time. δ18O and δ2H were measured at the Babeş-Bolyai
University Stable Isotope Laboratory in Cluj-Napoca (Romania), using a
Picarro L2130-i instrument. Internal laboratory standards were calibrated using VSMOW2 and SLAP2 international standards and all values are normalized to the VSMOW-SLAP scale. Measurement precision
is < 0.025‰ for δ18O and < 0.1‰ for δ2H, and the reproducibility
between measurements of duplicate samples is ~0.07‰ and ~0.17‰
for δ18O and δ2H, respectively.

First, we discuss the isotopic equilibrium precipitation of CAM-1
with the cave waters. Second, we identify the physical processes, which
cause the observed δ13C and δ18O ﬂuctuations. We then attempt to
explain the relationship between the isotopic signal and the climatic
parameters that control fractionation. Finally, we compare our record
with other relevant proxy reconstructions for a better understanding of
the local and regional climatic events.

uranium standard NBL-112 and an in-house
Th standard were used
to accurately determine SEM/cup eﬃciencies. The ﬁnal age-depth
model was generated in MATLAB® using the COPRA algorithm developed by Breitenbach et al. (2012).
3.2. Oxygen and carbon isotopic analysis
A total of 448 carbonate powders (80–120 μg each) were drilled in a
vertical Sherline micro-milling machine at 0.5 mm spacing using digital
tachometer readout to ensure steady sample spacing. Considering that
acid fractionation factors associated with phosphoric acid digestion are
slightly diﬀerent for aragonite and calcite, the correction recommended
by Kim et al. (2007) and Lachniet (2015) was applied, by subtracting
0.29‰ from δ18O values of aragonite. An evaluation of oxygen and
carbon isotopic equilibrium during carbonate precipitation (Hendy test;
Hendy, 1971) was conducted along 4 individual growth bands of both
aragonite and calcite mineralogy (Fig. 2). From each lamina, seven
samples were collected from the center of the growth axis progressing
outward. The carbonate powders were analyzed for oxygen and carbon
isotopic ratios of CO2 produced by reaction with H3PO4 (1.93 g/cm3
density) at 25 °C for 24 h. The 13C/12C and 18O/16O ratios (reported as
δ-values in ‰ relative to Vienna PDB, VPDB) were measured using a
Thermo Delta V isotope ratio mass spectrometer at the Stable Isotope
Laboratory, School of Geosciences, at University of South Florida. Values were normalized to the VPDB scale using replicate analyses of NBS18 (δ13C = −5.01‰; δ18O = −23.01‰) and NBS-19 (δ13C = 1.95‰;
δ18O = −2.20‰) standards. Duplicate measurements of the standards
show the reproducibility is better than ± 0.06‰ for δ13C and ±
0.09‰ for δ18O, respectively.
3.3. Mineral assemblage and petrographical analysis

5.1. Oxygen isotopic equilibrium between stalagmite CAM-1 and drip water
A major complication in speleothem-based paleoclimate reconstruction is to validate the assumption of oxygen isotopic equilibrium between stalagmite calcium carbonate and the dripping water
from which it was precipitated. The δ18O values of modern soda straw
aragonite (−6.7‰) and drip water (−6.5‰) show very similar results.
Calculated under equilibrium conditions at 18.8 °C using the equation
of Kim et al. (2007), the predicted δ18O value of aragonite is −6.8‰,
which supports that the aragonite was precipitated under isotopic
equilibrium conditions. The assumption is that stalagmite CAM-1 also
formed under isotopic equilibrium, which is supported by constant
temperature, relative humidity (> 95%) and poor ventilation measured
throughout the year. Furthermore, the Hendy tests made along four

4. Results
A high-resolution chronology was obtained based on 25 U-series
dates (Table 1), all of which are in stratigraphic order (Fig. 3). The
dates reveal that the CAM-1 stalagmite record begins at
~121 ± 0.6 ka. Except for one major hiatus (67 to 53 ka) it grew
continuously until near present, with the last 53 kyr of the record represented by slow calcite growth making up the upper 3 cm of the
stalagmite. Growth rates vary considerably (0.2 to 17 mm/kyr) between
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Constraints on global mean sea level during Pliocene
warmth
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Reconstructing the evolution of sea level during past warmer epochs
such as the Pliocene provides insight into the response of sea level
and ice sheets to prolonged warming1. Although estimates of the
global mean sea level (GMSL) during this time do exist, they vary by
several tens of metres2–4, hindering the assessment of past and future
ice-sheet stability. Here we show that during the mid-Piacenzian
Warm Period, which was on average two to three degrees Celsius
warmer than the pre-industrial period5, the GMSL was about
16.2 metres higher than today owing to global ice-volume changes,
and around 17.4 metres when thermal expansion of the oceans is
included. During the even warmer Pliocene Climatic Optimum
(about four degrees Celsius warmer than pre-industrial levels)6,
our results show that the GMSL was 23.5 metres above the present
level, with an additional 1.6 metres from thermal expansion. We
provide six GMSL data points, ranging from 4.39 to 3.27 million
years ago, that are based on phreatic overgrowths on speleothems
from the western Mediterranean (Mallorca, Spain). This record is
unique owing to its clear relationship to sea level, its reliable U–Pb
ages and its long timespan, which allows us to quantify uncertainties
on potential uplift. Our data indicate that ice sheets are very
sensitive to warming and provide important calibration targets for
future ice-sheet models7.
Accurate predictions of future sea-level change hinge on our understanding of how ice sheets respond to changes in global temperature.
To understand ice-sheet stability under prolonged warming (such as if
the current level of temperature increase continues), we can use reconstructed sea level during past periods when Earth’s climate was warmer
than today1. The Pliocene epoch (5.33 to 2.58 million years ago, Ma)
was the most recent extended global warm period immediately preceding the inception of the high-magnitude glacial/interglacial variations
of the Pleistocene8. The mid-Piacenzian Warm Period (MPWP), an
interval during the Late Pliocene (3.264 to 3.025 Ma), has been used as
an analogue for future anthropogenic warming since atmospheric CO2
conditions were comparable to present-day values (~400 ppm)9 and
estimated global mean temperatures were elevated by 2–3 °C relative
to the pre-industrial period5.
Oxygen isotope ratios from benthic foraminifera10 paired with
deep ocean temperature estimates have been used to approximate icevolume-equivalent GMSL changes over the Pliocene11,12. While invaluable, these approaches are limited by uncertainties in the methodology
and a number of factors (for example, post-burial diagenesis, long-term
changes in seawater chemistry and salinity) that are poorly constrained
and may bias the sea-level estimates3. Field mapping of palaeoshorelines has been a complementary approach and has provided several
local reconstructions of Pliocene sea level13. Local estimates also exist
for the Strait of Gibraltar, where they are based on the marginal basin
residence time method and measurements of planktonic foraminifera2. Local estimates of sea level can vary considerably from the GMSL
owing to processes such as glacial isostatic adjustment (GIA)14 and
dynamic topography15, which can be corrected for, but have substantial

uncertainties. Lastly, GMSL estimates have also been derived from
climatically driven ice-sheet simulations4,7,16, but these vary notably as
a result of model uncertainties. All these challenges have led to considerable disagreement between estimates of the GMSL during the MPWP,
with values ranging from about 10 m to over 50 m above present sea
level (m.a.p.s.l.)1,2,12,17,18. This disparity hinders the assessment of past
and future ice-sheet stability7.
Here we present Pliocene sea-level data from Coves d’Artà in the
western Mediterranean (Mallorca, Spain; Fig. 1a, b) that are based on
U–Pb absolute-dated phreatic overgrowths on speleothems (POS). POS
offer several important benefits over other Pliocene sea-level indicators
since they store all information needed for a meaningful sea-level index
point: (1) precise spatial geographic positioning, (2) accurate elevation,
(3) clear indicative meaning (their growth covers the full tidal range,
thus having an explicit relation to past sea level; see Methods), and (4)
an absolute age (since the crystalline aragonite/calcite often contains
suitable uranium concentrations for robust dating19). POS are primarily
precipitated in caves, at the water/air interface as CO2 degasses from
brackish cave pools. The water table in these caves is, and was in the
past, coincident with sea level, given that the caves are at most 300 m
away from the coast and the karst topography is low. Six POS levels
have been identified at elevations from 22.6 to 31.8 m.a.p.s.l. (uncertainties in the elevation measurement and the indicative range are less
than 1 m; Fig. 1c, Table 1). We interpret these levels as still stands, that
is, corresponding to periods of time during which sea level has been
stable long enough to allow the precipitation of carbonate overgrowths.
This could occur during a sea-level highstand, lowstand or intermediate
stand. The palaeo sea level still stands are distinctly delineated by
POS that occur either as overgrowths covering cave walls and preexisting flowstones (top and bottom insets of Fig. 1d) or are standalone
structures on stalactites and stalagmites (middle inset of Fig. 1d).
Based on 70 U–Pb analyses, the geochronology of these POS
yielded ages between 4.39 ± 0.39 Ma and 3.27 ± 0.12 Ma (Table 1;
see Methods). These are unique because radiometric-dated records
of Pliocene sea level are entirely independent of orbitally tuned
chronologies.
To infer the GMSL from these local observations, the POS elevations
are corrected for GIA, which is the viscoelastic adjustment of the solid
Earth, its gravity field, and rotation axis to changes in the ice and ocean
load. The GIA correction is the deviation of local sea level from the
global mean and we calculate this correction using a gravitationally
self-consistent sea-level formulation20 paired with three GMSL scenarios2,4,10 and a suite of viscoelastic Earth structures (see Methods). To
calculate the GMSL we assume a fixed oceanic area and consider total
ice-volume change, not only ice above the flotation level. Long-term
deformation at passive margins due to sediment loading21 or dynamic
topography15 can further contribute to local sea-level changes. Since
model predictions of these processes have high uncertainties, we
estimate bounds on the long-term deformation from sea-level indicators during Marine Isotope Stage (MIS) 5 and the Upper Miocene, as
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Fig. 1 | POS in Coves d’Artà. a, Map
showing Mallorca (red circle) in the western
Mediterranean. b, Location of Coves d’Artà on
the island. c, Longitudinal profile through the
lower section of the cave showing the presentday elevation and ages of the six POS horizons
and the sampling sites. d, POS at three elevations
within the Infern Room with close-up views
(insets). Maps (a, b) are available under CC
Public Domain License from https://pixabay.
com/illustrations/map-europe-world-earthcontinent-2672639/ and https://pixabay.com/
illustrations/mallorca-map-land-countryeurope-968363/, respectively.
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well as a comparison between the relative elevations of the six POS and
the GMSL change from three GMSL curves (see Methods). To assess
the GMSL we account for uncertainties in the elevation measurement
and the indicative range, and correct for GIA, long-term uplift, and
thermal expansion (Fig. 2, Table 1; see Methods). Because we correct
for thermal expansion, our GMSL estimates throughout the text are
sea-level-equivalent ice-volume changes. For better comparison with
published estimates, Table 1 additionally includes GMSL estimates
without the correction for thermal expansion. Applying all corrections
results in a non-Gaussian distribution for our reconstructed GMSL,

of which we report the mode (that is, the most likely value) as our
best estimate and in parentheses the 16th and 84th percentiles as our
uncertainty range.
Each POS-derived sea-level still stand and the temporally coincident major climatic events evidenced in either marine or terrestrial
records are discussed in chronological order and reported in Table 1.
The oldest sample (AR-02 at 4.39 ± 0.39 Ma) yields a GMSL estimate
of 23.5 m.a.p.s.l. (9.0–26.7 m.a.p.s.l.). Its growth is coincident with an
interval considered to be probably the warmest during the Pliocene
(~4.4–4.0 Ma, the Pliocene Climatic Optimum), with global mean

Table 1 | Sample information and results
Sample
mineralogy

Maximum
thickness
(m)

GIA
correction
(m)

Thermal
expansion
correction
(m)

GMSL without
correction for
thermal expansion
(m.a.p.s.l.)

Sample
code

Sample elevation (m.a.p.s.l.)

Indicative
range (m)

Age (Myr)

AR-02

31.8 ± 0.25

0.55

4.39 ± 0.39

Calcite

0.20

1.3 ± 3.1

9.0 (2.5–19.4)

1.6 ± 0.6

23.5 (9.0–26.7)

25.1 (10.6–28.3)

AR-05

25.1 ± 0.25

1.20

4.10 ± 0.16

Aragonite

0.80

1.5 ± 3.1

8.4 (2.3–18.2)

1.5 ± 0.5

16.9 (3.5–20.2)

18.4 (4.9–21.6)

Uplift correction
(m)

GMSL
(m.a.p.s.l.)

AR-11

22.6 ± 0.25

0.85

3.91 ± 0.28

Calcite

0.50

1.4 ± 3.1

8.0 (2.2–17.3)

1.4 ± 0.5

14.7 (2.0–18.0)

16.1 (3.4–19.4)

AR-15

27.3 ± 0.25

0.50

3.65 ± 0.14

Aragonite

0.25

1.7 ± 2.9

7.4 (2.1–16.2)

1.3 ± 0.5

19.5 (7.6–22.6)

20.8 (8.9–23.9)

AR-09

30.4 ± 0.25

0.70

3.50 ± 0.14

Aragonite

0.40

1.9 ± 2.9

7.1 (2.0–15.5)

1.2 ± 0.4

22.5 (11.3–25.7)

23.7 (12.5–27.0)

AR-03

23.6 ± 0.25

0.55

3.27 ± 0.12

Aragonite

0.30

1.8 ± 2.7

6.7 (1.8–14.5)

1.2 ± 0.4

16.2 (5.6–19.2)

17.4 (6.8–20.3)

The age uncertainties are reported as 2σ absolute values. Uplift correction shows the median value and the 16th and 84th percentiles in parentheses as uncertainty bounds. The GMSL shows the mode and
16th and 84th percentiles in parentheses as uncertainty bounds. The GMSL estimates include a correction for GIA, long-term uplift, and thermal expansion. Uncertainties in these corrections are 1σ. All reported corrections are subtracted from the sample elevation to obtain the GMSL. In the last column we provide GMSL estimates that are corrected only for GIA and long-term uplift, but not for thermal expansion.
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temperatures roughly 4 °C higher than pre-industrial values6 and
elevated CO2 (ref. 22) (Fig. 3a).
A GMSL estimate of 16.9 m.a.p.s.l. (3.5–20.2 m.a.p.s.l.) at 4.1 ± 0.16
Ma is based on a core extracted from AR-05, the thickest POS horizon (top inset in Fig. 1d). A pronounced expansion of the ice sheets
(MIS Gi22/Gi20) and the associated sea-level drop was documented
at ~4 Ma in several locations in the Northern Hemisphere23 and in
Prydz Bay, Antarctica24. Therefore, AR-05 is interpreted to reflect a
rather long, muted sea-level still stand that occurred before this cooler
Pliocene interval.
Similarly, the inner part of AR-11 (bottom inset in Fig. 1d), documents a lower GMSL of 14.7 m.a.p.s.l. (2.0–18.0 m.a.p.s.l.) at 3.91 ± 0.28
Ma. Sample AR-15 marks a GMSL of 19.5 m.a.p.s.l. (7.6–22.6 m.a.p.s.l.)
at 3.65 ± 0.14 Ma and overlaps with the Northern Hemisphere glacial
interval known as MIS MG 12 (~3.7–3.6 Ma), which is considered
to represent the Early/Late Pliocene transition10,23,25. Terrestrial and
marine data indicate that the Northern Hemisphere glaciation onset
was around 3.6 Ma (refs 23,25), but other records from the Northern
and Southern hemispheres suggest that relatively warm climatic
conditions prevailed until 3.5 Ma (ref. 26). This observation is supported

35

40

by the presence of yet another horizon formed in Coves d’Artà (AR-09)
at 3.5 ± 0.14 Ma that indicates a GMSL of 22.5 m.a.p.s.l. (11.3–25.7
m.a.p.s.l.).
Sample AR-03, with an inferred GMSL of 16.2 m.a.p.s.l. (5.6–19.2
m.a.p.s.l.) documents the youngest prominent Pliocene horizon in
Coves d’Artà with an age of 3.27 ± 0.12 Ma (middle inset in Fig. 1d),
which probably formed at the onset of the MPWP. If one accounts for
GIA but assumes no long-term deformation, the GMSL during the
MPWP is predicted to be 20.6 ± 2.8 m (Fig. 2). Overall, our calculations
are most consistent with previous sea-level estimates that are based on
benthic foraminifera10–12 (Fig. 3b). Our results are noticeably lower
than the GMSL based on data by Rohling et al.2 and higher than those
based on ice-sheet modelling4 (Fig. 3b). The POS-based inferred GMSL
for the MPWP is at the lower end of some previous estimates (25 ± 5 m
and 22 ± 10 m)11,17 and overlaps with others (9–13.5 m)18.
The inherent uncertainties in predicting sea-level rise, when warming is triggered by future anthropogenic emissions of greenhouse
gases, emphasize the importance of a better constraint on ice-sheet
sensitivity to prolonged warming27. The present-day East Antarctic
Ice Sheet is less vulnerable to warming than the Greenland Ice Sheet
Fig. 3 | Pliocene sea-level and CO2 concentration
changes. a, Model-based CO2 reconstruction21
and relevant warm (orange bands) and cold (blue
bands) climatic periods. b, Inferred GMSL and ice
volume from Mallorcan POS are shown as black
markers (age uncertainties are 2σ; the GMSL of the
marker corresponds to the mode; uncertainties are
16th and 84th percentiles). The sample code for
each POS is indicated on the grey band between
panels. Coloured curves show three different GMSL
reconstructions (uncertainties on GMSL curves are
1σ). See Methods for the derivation of the GMSL
curves. PCO, Pliocene Climatic Optimum.
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Fig. 2 | GIA and other corrections.
Contribution of different corrections (GIA,
uplift and thermal expansion) and uncertainties
when inferring the GMSL from the POS
elevation (this breakdown is for AR-03; see
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and the West Antarctic Ice Sheet28. Considering this, the equivalent
ice volume required for an MPWP GMSL of 16.2 m.a.p.s.l. (5.6–19.2
m.a.p.s.l.) (AR-03) would indicate a near or full collapse of the modern
Greenland Ice Sheet (7.4 m GMSL rise)29 and vulnerable sectors of the
West Antarctic Ice Sheet (3.3 m GMSL rise)30, plus a contribution of up
to 5.5 m from more stable sectors of the West Antarctic Ice Sheet and
from the East Antarctic Ice Sheet. Given that the marine sectors of the
East Antarctic Ice Sheet hold an ice volume equivalent to 19 m of GMSL
rise31, our estimates do not require a contribution from land-based
sectors of the East Antarctic Ice Sheet. Instead, they indicate a possible
retreat of East Antarctic Ice Sheet in some marine-based sectors, but
stability of land-based ice masses, which is consistent with proxies from
Antarctica26,32 and ice-sheet models7; we are thus able to narrow in
on closing the sea-level budget for the MPWP.
Given that global average temperatures during the MPWP were
2–3 °C higher than pre-industrial values5 and CO2 concentration was
400 ppm (ref. 9), our results indicate that an ice volume equivalent to
a GMSL change of 16.2 m.a.p.s.l. (5.6–19.2 m.a.p.s.l.) may eventually
melt (over hundreds to thousands of years) if future temperatures stabilize at that level of warming. Given present-day melt patterns26, this
sea-level rise is likely to be sourced from a collapse of both Greenland
and the West Antarctic ice sheets. A temperature increase to 4 °C above
pre-industrial levels is comparable to conditions during the Pliocene
Climatic Optimum6 with a GMSL estimate of 23.5 m.a.p.s.l. (9.0–26.7
m.a.p.s.l.), which indicates further ice melt if temperatures stabilize at
this higher level. Thermal expansion is expected to cause additional
sea-level rise in these scenarios.
Projections of future sea-level rise that are tuned to fit the GMSL
during the MPWP suggest that the Antarctic contribution to sea level
by 2100 will be either 1.05 ± 0.30 m or 0.64 ± 0.49 m, if its GMSL
contribution during the MPWP was assumed to be 10–20 m.a.p.s.l.
or 5–15 m.a.p.s.l., respectively (under scenario RCP8.5)7. However,
Edwards 16 questioned the way marine ice cliff instability and hydrofracturing is parameterized in this work and found the latter interval
to be more probable. Our AR-03-derived MPWP sea-level range
(5.6–19.2 m.a.p.s.l.), which includes contributions from all ice sheets,
is also more in line with the lower end of the estimates of DeConto and
Pollard7. Nonetheless, this highlights (1) the need for further work to
reduce uncertainty in MPWP GMSL estimates, and (2) the importance
of our results for the even warmer Pliocene Climatic Optimum (9.0–
26.7 m.a.p.s.l.). These data will serve as critical inputs for future climate
model development and calibration that will improve confidence in
sea-level projections. Hence, deciphering the GMSL during Pliocene
warmth is critical for our ability to forecast, adapt to, and lessen the
effect of future global warming on humanity.
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METHODS

POS as precise sea-level index points. POS are meaningful sea-level index points
because they provide spatial geographic positioning, accurate elevation and absolute ages. In addition, the growth of POS has a clear indicative meaning, which
includes the ‘indicative range’, that is, the elevation range over which a sea-level
indicator forms, and the ‘reference water level’, meaning the distance between the
sea-level indicator and sea level33. The indicative range for POS is the vertical
extent over which the carbonate encrustations occur and the reference water level
is zero at the widest part of the POS (Extended Data Fig. 1). This is true because the
widest part (maximum thickness) of the POS that formed on cave walls or other
speleothems that are in continuous contact with the fluctuating water table corresponds to mean sea level, whereas the vertical spread constrains the tidal range
(top and bottom insets in Fig. 1d). The shape of POS formed on pre-existing vadose
(air-filled caves) speleothems depends on their size and morphology and for how
long they were immersed in the cave’s brackish water (Extended Data Fig. 1). If, for
example, only the tip of the stalactites become submerged, the resulting POS will
be an asymmetric knob-like carbonate encrustation with its thickest part denoting
the mean sea level and narrowing upward to the highest tide range (see the asterisked POS in Extended Data Fig. 1). Thus, the most optimal POS form when the
speleothem is immersed throughout the full vertical tidal range, producing an oval
(sometimes spherical) or fusiform-shaped POS (middle inset in Fig. 1d, Extended
Data Fig. 1a). Except for AR-02, which is a knob-like POS, all the others were either
standalone (Extended Data Fig. 1a) or cave-wall (Extended Data Fig. 1b) structures.
Prior to our sampling campaign, a detailed topographic survey was conducted
starting from a reference point outside the cave and situated at the present sea level,
using a SUUNTO optical clinometer and a BOSCH DLE 50 Professional laser distance meter. The errors associated with measuring the elevation of the POS levels
relative to the mean tidal level (after correcting for the barometric pressure) are
less than 0.25 m. Owing to the large size of some POS horizons, cores were drilled
using a commercial cordless hand-held Hilti rotary hammer drill.
U–Pb analytical methods. Absolute isotope-dilution U–Pb ages were measured
using a Thermo Neptune multi-collector inductively coupled mass spectrometer.
The analytical methodology is reported in Decker et al.34. All sub-samples used
for U–Pb measurements were clean, well crystallized aragonite or calcite pieces.
A calibrated mixed 229Th–233U–236U–205Pb spike was used. The column chemistry for all of these analyses uses 1 × 8 chloride form 200–400 mesh anion resin.
Each element isotope system was run separately. Pb runs were measured as standard-sample-sample-standard runs using the Pb standard NBS-981. 234U signals too
small to measure in the centre Faraday cup were measured using the secondary
electron multiplier with the gain between the secondary electron multiplier and
Faraday cups established using the U standard NBL-112. 230Th and 232Th were also
measured using the secondary electron multiplier and a Faraday cup, respectively,
and a Th in-house standard. 230Th/238U was measured to check samples for U and
Th isotope secular equilibrium.
Age calculations. Reduction of data was performed using PBDAT35 and
ISOPLOT36. Our measured procedural blanks are 5 pg of 232Th, <0.1 fg of 230Th,
20 pg of 238U, and ~15 pg of 208Pb. Decay constants for 238U, 235U, 234U and 230Th
are from Schoene et al.37 and Cheng et al.38. The isotopic values for the NBS981 Pb standard reported by the National Institute of Standards were used in the
sample-standard method39. U–Pb ages were corrected for initial disequilibrium
assuming an initial 234U/238U activity of 1.75, based on the average initial δ234U
of over 200 samples from the same island, ranging from Holocene to Pleistocene,
dated using the U–Th method. Additionally, results of δ234U measurements of
the present-day brackish water in which POS precipitate (as described earlier)
indicate similar values19.
Except for AR-02, for which the 235U–207Pb two-dimensional isochron age
was more favourable than the three-dimensional isochron ages, all other
sample ages were calculated using the U–Pb Concordia-constrained linear
three-dimensional isochron, which contains the most complete information on
the concordance between the two decay schemes and common Pb (see Extended
Data Fig. 2).
In certain plots, a limited number of discrepant data have been excluded from
the fit, for reasons which are not under statistical control, such as non-uniform Pb
composition and possibly variable initial δ234U. We excluded the subsamples that
deviated markedly from the isochron lines in order to make sure that the isotopic
analysis did not mix growth zones of domains with different ages. Considering
that our samples precipitated in a phreatic environment, growth layers are hardly
noticeable, so sampling along a single layer was challenging. Nevertheless, we stress
that our analysed datasets are large enough to allow us to distinguish any discordant
data, and as a result, the calculated ages are considered to be accurate within the
given uncertainties. To have a superior control on the random uncertainties and
for a better recognition of the outliers, we analysed between 9 and 15 subsamples
for each isochron to obtain the ages, their uncertainties, and associated meansquare-weighted deviation values.

GIA modelling. For the GIA correction we adopt a one-dimensional, selfgravitating, Maxwell viscoelastic Earth model20, which accounts for shoreline
migration and the feedback into Earth’s rotation axis. Following Raymo et al.14
we separate the GIA correction into two contributions: (1) the amount of residual deformation that is due to the most recent Pleistocene glacial cycles, and (2)
the amount of deformation due to the smaller Pliocene ice age cycles. For both
corrections we use a set of different Earth structure profiles that vary in lithospheric thickness (48 km, 71 km and 96 km), upper-mantle viscosity (3 × 1020
Pa s, 5 × 1020 Pa s), and lower-mantle viscosity (3 × 1021 Pa s, 5 × 1021 Pa s, 7 ×
1021 Pa s, 10 × 1021 Pa s, 20 × 1021 Pa s and 30 × 1021 Pa s), producing 36 different radial viscosity profiles. For the elastic and density structure we assume the
seismic reference model PREM40. In this approach we neglect explicit three-dimensional variations in viscosity; although these unarguably exist, their pattern
and magnitude are poorly constrained. Owing to these uncertainties and the high
computational cost associated with these runs we follow the common approach to
explore uncertainties in viscosity through a variety of one-dimensional viscosity
profiles. We believe that this approach is particularly appropriate because we are
not investigating spatial patterns in GIA (for which three-dimensional variability
might be important), but focus on only one location.
For the two GIA contributors mentioned above we proceed as follows. (1) We
adopt the ice history over the past 3 Myr as described in Raymo et al.14. The models indicate a positive GIA correction for most of the Mediterranean (Extended
Data Fig. 3a), mainly due to ongoing peripheral bulge collapse associated with the
former Fennoscandian Ice Sheet. This sea-level rise implies that Coves d’Artà is
currently above its equilibrium sea level and that sea-level indicators that formed
during the more equilibrated Pliocene need to be corrected downward. Using
one possible viscoelastic Earth model (Extended Data Fig. 3a) indicates that the
remaining adjustment at Coves d’Artà is 3.4 m. Employing all 36 model runs yield
a mean and standard deviation of 4.5 ± 2.1 m for this location (Extended Data
Fig. 3).
(2) We constructed new ice models by scaling the height of present-day ice
sheets to reproduce a given ice-volume curve. We set up three different ice models
based on the LR04 benthic stack10, the local sea-level reconstructions by Rohling
et al.2, and the ice-sheet model by de Boer et al.4. Uncertainties will be assessed
by considering these three ice models rather than propagating uncertainties in
each of them. However, we acknowledge that large uncertainties exist for each
approach and these will be considered in the long-term deformation component
(see Methods section ‘Estimating long-term deformation’). The ice-volume curves
are constructed for each model as follows.
(1) To scale the oxygen isotope signal into ice-volume changes, we assume that
75% of the signal is driven by ice volume (the remaining 25% is driven by temperature variations). This value is in line with Pleistocene ocean temperature estimates
obtained using Mg/Ca ratio17,41. We further assume a scaling of 0.011‰ per metre
of GMSL rise3,12.
(2) Rohling et al.2 used planktonic foraminifera and the marginal basin residence time method for the Mediterranean to produce a relative sea-level record for
the Strait of Gibraltar (RSLGibobserved). They further provide a scaling to calculate
ice volume (GMSLscaled = 1.23 × RSLGibobserved + 0.5), which is based on simulations for two glacial cycles. We use this scaling as a first estimate for ice-volume
changes. We next run the sea-level model to calculate local sea-level changes at
the Strait of Gibraltar for a variety of viscosity models. We take the mean of these
local sea-level estimates (RSLGibcalculated) to calculate a GIA correction (GIA = R
SLGibcalculated − GMSLscaled). Last, we use this correction to recalculate the GMSL
estimate (GMSL = RSLGibobserved − GIA). We note that the original sea-level
reconstruction has data gaps associated with the African monsoon. We use the
interpolated reconstruction here, but exclude data during these gaps in our final
comparison (Fig. 3).
(3) De Boer et al.4 used a set of one-dimensional ice-sheet simulations that
are forced by a benthic oxygen isotope record through surface-air temperatures.
They separately model five ice sheets (Greenland Ice Sheet, Laurentide,
Fennoscandian, West Antarctic Ice Sheet and East Antarctic Ice Sheet) and provide
an ice-volume reconstruction over the Cenozoic.
For times during which ice volume was lower than today, we first decrease the
height of the Greenland Ice Sheet and West Antarctic Ice Sheet until they are fully
collapsed before we start decreasing the height of the East Antarctic Ice Sheet.
For ice volumes higher than today we uniformly increase the size of all ice sheets.
Ice-rafted debris and other evidence from the Greenland continental shelf indicates that an intermittent ice sheet existed on Greenland during the Pliocene, but
that the main expansion probably happened around 3 Ma (ref. 42). This is largely
consistent with our ice reconstructions based on the GMSL scenarios described
above. We further tested a scenario in which only the Antarctic Ice Sheet varied
over the model run and the Greenland Ice Sheet was not present. This introduced
only minor differences (<0.6 m) in the GIA correction at Coves d’Artà and is
therefore not considered further here.
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Calculations were done with a temporal resolution of 1,000 years and a spatial
resolution up to spherical harmonic degree 256. The GMSL throughout the paper
is directly proportional to total ice volume (not only ice above flotation) given by
the equation:

GMSL =

Ice volume changes × ρice

Percentage oceanic area × ρwater

For the percentage oceanic area we use a fixed value of 71.1% and further use a
water density of 1,000 kg m−3 and an ice density of 920 kg m−3.
The resulting GMSL and local sea-level curve for Coves d’Artà for one run is
shown in the Extended Data Fig. 4a along with a snapshot of sea level at 3.244
Ma (Extended Data Fig. 4b). Local sea level (coloured curves) is lower than the
GMSL (black curves) during times when ice sheets were collapsed. This difference
is driven by the accommodation space that is created by the collapsed marinebased sectors. Water flowing back to these areas causes high rates of sea-level rise
(for example, in West Antarctica), which is averaged out by an overall drawdown
in sea level in the far field (Extended Data Fig. 4a). These runs are relative to the
start of the model time (outside the range shown in Extended Data Fig. 4b), which
was set to be the present-day ice configuration.
The full GIA correction is given by a combination of both effects described
above. The resulting local sea-level prediction is shown in Extended Data Fig. 5.
Our calculations show that local sea level tracks the GMSL relatively closely when
the GMSL is high (Extended Data Fig. 5a) because the two contributions discussed
above cancel out. When the GMSL is low (Extended Data Fig. 5c) the GIA signal
is mainly driven by the ongoing adjustment to the Last Glacial Maximum, which
means the GIA correction is positive (Extended Data Fig. 3; Extended Data Fig. 5f).
The GIA correction is given by the difference between the local sea level at
Coves d’Artà and the GMSL (GIA = RSLArtàcalculated − GMSL). To quantify the
GIA correction and its uncertainty for each POS we take a temporal average and
standard deviation of all GIA models (using all three GMSL curves) over the time
period of the sea-level indicators. We consider only corrections during intermediate and warm periods, assuming that these provide more favourable conditions
for POS to form. This assumption is based on the fact that POS form during sealevel still stands and the Pleistocene still stands occur more frequently during
intermediate and warm periods than during glacials43. Weakening this assumption
would lead to a slightly larger uncertainty in the GIA correction. To include this
assumption, we identify the GMSL values (and their associated GIA correction)
that fall within the age range of each POS, and average over the GIA correction that
corresponds to the highest 50% of GMSL values (80% in the case of AR-03 to avoid
a bias towards MIS M2, Extended Data Fig. 5). We combine values from the three
ice models to calculate the mean and standard deviation in the GIA correction for
each data point (Table 1).
Estimating long-term deformation. Mallorca is generally described as stable with
very little to no long-term deformation44,45. However, even a small amount of
deformation (uplift or subsidence) can substantially affect our results. We therefore
investigate constraints on the long-term deformation of the island based on sealevel records from other time periods. We further attempt to quantify uncertainties
on the possible amount of uplift by comparing the relative elevations of the six POS
to the relative GMSL change in the three curves described above2,12.
POS in Mallorca that date to MIS 5a are above present sea level today46. The GIA
correction for this location is small and the GMSL was possibly around present
levels but probably lower47, indicating potential uplift. POS dated to the last interglacial are found at 2.15 ± 0.75 m.a.p.s.l.19. Given the uncertainties in the eustatic
estimate during the last interglacial and the GIA correction, it is difficult to identify
uplift or subsidence. Late Miocene reefs that crop out at 65 m above present at Cap
Blanc48 and up to 70 m in the hinterland of Mallorca44,49 are also high compared to
global average values (once corrected for GIA), but Late Miocene GMSL estimates
are much more uncertain50. Given that local sea-level estimates tend to be high,
it is unlikely that subsidence occurred at Coves d’Artà. We will therefore assume
that the record presented here is not affected by subsidence; however, the evidence
reported above does not exclude slight long-term uplift.
We estimate the amount of possible long-term uplift based on relative sea-level
changes across the POS record and its comparison to the three GMSL reconstructions. Unlike our GIA calculation, uncertainties in the different GMSL curves will
be important for this analysis and we therefore choose the following approach to
quantify the respective uncertainties.
(1) For the GMSL curve that is obtained from the LR04 benthic record10 we widen
the range for scaling oxygen isotope values into GMSL change to 0.008 and 0.011‰
per metre3,17 to produce two end-member GMSL curves. We assume that the
mean of these two curves is the most likely estimate, and the two end-member
curves constitute 1σ uncertainty. This results in a wider uncertainty than if
we only assumed that the two end-members would span the range of possible
GMSL curves. This extended uncertainty is meant to implicitly include further

uncertainties associated with estimating the amount of oxygen isotope signal that
is driven by ice volume versus temperature.
(2) The GMSL curve based on the data by Rohling et al.2 is obtained through the
equation GMSL = RSLGibobserved − GIA, excluding the gaps in their planktonic
foraminiferal dataset due to maxima in the African monsoon. We calculate the
uncertainty at each timestep as the root mean square of the uncertainty associated
with the relative sea-level observation (provided by Rohling et al.2) and the uncertainty associated with the GIA correction for the Strait of Gibraltar that is caused
by varying viscosity models.
(3) De Boer et al.4 do not quantify an uncertainty in their estimate, so we do not
show it in Fig. 3. However, for our long-term deformation analysis we do want to
attempt an uncertainty estimate. De Boer et al.4 do two sensitivity tests in which
they vary the deep-water to surface-air temperature coupling, and the temperature
difference for the Northern Hemisphere ice sheets. They found that their predicted
ice volume was relatively insensitive to these variations with a largest difference
between runs of ~3.5 m during the Pliocene. Here we assume that their best-fit
curve represents a mean estimate and that the 1σ uncertainty is 1 m.
While the GMSL reconstructions described above and shown in Fig. 3 vary
widely, relative changes, for example, the change in GMSL from the Pliocene
Climatic Optimum to the MPWP could be more robust. We quantify bounds on
the amount of sea-level change that occurred between the different POS from our
three GMSL reconstructions. For each reconstruction we generate 500 possible
GMSL curves, sampling the uncertainty in each of them (grey bands in Extended
Data Fig. 6a–c are 1σ). We next bin the GMSL values that fall within the age range
of each POS and identify values that are within a certain (average to high) percentile range to reflect intermediate and warm periods. For the purpose of calculating
an uplift rate we again assume that it is more likely that these are the periods during
which our POS formed. We vary the lower bound between the 40th, 50th and 60th
percentiles and the upper bound between the 90th, 95th and 99th percentiles.
Extended Data Fig. 6a–c shows the range of GMSL values considered for each POS
as grey boxes for a scenario of the 50th percentile lower bound and 99th percentile
upper bound. We do a Monte Carlo simulation in which we randomly sample
‘synthetic’ sea-level indicator elevations from the respective GMSL ranges, that
is, we pick one random point from each grey box in Extended Data Fig. 6a–c. We
next calculate the change in sea level in these synthetic data relative to the youngest
data point. These changes are compared to the observed changes in sea level (GIA
corrected) to which we add a constant uplift rate. We choose this uplift rate to be
constant, but vary its magnitude in each iteration. This assumes that long-term
deformation is linear to first order over the Plio-Pleistocene, which is supported by
studies of mantle convection that show that uplift rates related to dynamic topography are relatively constant over a few million years51. We consider the synthetic
data to be a good fit to the observed data if their difference does not exceed 3 m
for a given data point. This value is chosen because it is the root mean square of
the average GIA uncertainty, the measurement uncertainty, and half the indicative
range. We record the uplift rates that are successful, that is, produce a good fit.
Extended Data Fig. 6d–f shows histograms of these successful uplift rates for a
scenario of 50th percentile lower bound and 99th percentile upper bound. GMSL
curves that are based on Rohling et al.2 and the LR04 benthic record10 favour small
uplift rates, because the variability within these curves is already large enough to
represent the variability within the POS elevation data. However, there is a tail
towards higher uplift rates. The GMSL curve based on de Boer et al.4 is notably
flatter and, in order to match the elevation variability in the POS results, these data
require a modest amount of uplift. We produce a joint distribution, in which we
combine all successful uplift rates (Extended Data Fig. 6g). We repeat this procedure varying the lower-bound and upper-bound percentiles as described above
to obtain nine joint distributions (Extended Data Fig. 7a–i). Last, we combine the
successful uplift rates from all nine joint distributions to obtain our final distribution, which is the basis for our long-term uplift correction (Extended Data Fig. 7j).
The median uplift rate that we obtain is 2.0 m Myr−1 (0.6–4.4 m Myr−1; uncertainties constitute the 16th and 84th percentiles). The most likely uplift rate (highest
number of successful runs) is 0 m Myr−1. These rates are within the uncertainty
range of uplift estimates for Mallorca based on the MIS 5e sea-level estimate52.
Correcting local sea level to obtain the GMSL. We produce a probability density
function (PDF) for the elevation of each POS. We first take into account the uncertainty of the measurement (0.25 m) and the indicative meaning (half the indicative
range). Since we assume that these errors are normally distributed, the resulting
PDF (blue curve, Fig. 2c) is also normally distributed. We next correct for GIA
assuming the values shown in Extended Data Fig. 5, which results in the red curve
(Fig. 2c). In the next step, we account for thermal expansion. We assume a linearly
increasing effect of thermal expansion, 0.39 m of GMSL rise per degree Celsius53
and 4 °C of warming at the beginning of the Pliocene Climatic Optimum (4.4–4.0
Ma)6. To calculate the thermal expansion correction from this rate we require the
age of each POS. We randomly sample the age of the POS from its uncertainty
range. This correction is again normally distributed, resulting in a new PDF that is
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normally distributed as well (yellow curve, Fig. 2c). Last, we account for long-term
deformation. We use the distribution that we obtain as described above (Extended
Data Fig. 7j) for this correction. We sample the age of the POS again to translate an
uplift rate into the amount of total uplift. The resulting PDF (purple curve, Fig. 2c)
is off-centred owing to the skewness in the long-term deformation distribution. We
therefore do not quantify uncertainties as standard deviations but instead determine the mode (most likely value) as our preferred value (GMSL) and the 16th
and 84th percentiles as error bounds. We use a kernel with 1-m bandwidth to calculate the mode. Extended Data Fig. 8 shows the PDFs for the GMSL estimate for
each POS after all corrections have been applied. Extended Data Table 1 includes
additional percentiles of the GMSL estimate (10th, 33th, 50th, 66th and 90th) in
line with IPCC’s likelihood scale.

Data availability

The data produced in this study are available at the NOAA (https://www.ncdc.
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PANGAEA.905851) data repositories.
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Extended Data Fig. 1 | Schematic profile of a coastal cave in Mallorca
hosting POS at different levels. a, b, Standalone (a) and cave-wall (b)
POS structures. The asterisked POS is an example of an asymmetric knob-

like carbonate encrustation that forms when only the tip of the stalactite is
submerged.
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Extended Data Fig. 3 | GIA contribution due to ongoing adjustment.
This GIA contribution is caused by the incomplete present-day adjustment
to the late Pleistocene ice and ocean loading cycles. a, Model simulation
using a viscosity structure of 5 × 1020 Pa s viscosity in the upper mantle,
5 × 1021 Pa s viscosity in the lower mantle, and an elastic lithospheric
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Standard deviation (m)
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thickness of 96 km. b, Standard deviation of model predictions obtained
using 36 different radial viscosity profiles, including varying the
lithospheric thickness. The square marks the position of Coves d’Artà.
The figures were produced using Matlab 2015b and the m_map plotting
package (https://www.eoas.ubc.ca/~rich/map.html).
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Extended Data Fig. 4 | GIA contribution due to Pliocene ice age cycles.
The model simulation uses a viscosity structure of 5 × 1020 Pa s viscosity
in the upper mantle, 5 × 1021 Pa s viscosity in the lower mantle, and an
elastic lithospheric thickness of 96 km. a, Snapshot of sea level at 3.244
Ma (grey vertical line in b) assuming a GMSL curve based on the LR04
benthic record10. The colour scale is chosen to diverge around the GMSL
value of 13 m. The red square marks the position of Coves d’Artà. The
figure was produced using Matlab 2015b and the m_map plotting package
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(https://www.eoas.ubc.ca/~rich/map.html). b, Local sea level at Coves
d’Artà based on Rohling et al.2 (blue), de Boer et al.4 (yellow), and the
LR04 benthic record10 (red). Respective GMSL curves are shown in black
and mostly coincide with local sea level at Coves d’Artà (note that for the
estimates based on Rohling et al.2 the black GMSL curve is mostly behind
the local sea-level curve in blue). Sea level is relative to the beginning of
this run (4.9 Ma).
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Extended Data Fig. 6 | Uplift rate estimation. Determining the amount
of uplift based on the best fit of observed relative sea-level changes across
the POS to other GMSL reconstructions over the same time interval.
a–c, GMSL curves2,4,10; grey bars are 1σ uncertainties. Boxes indicate
the age uncertainty for each POS and the 50th and 99th percentiles of
the GMSL values that fall within this age range. We calculate synthetic
sea-level changes relative to the youngest POS and compare them

to the observed sea-level changes, assuming a range of uplift rates.
d–f, Histograms of uplift rates in which we find a good fit between
the observed and the synthetic data. Percentiles (16th, 50th and 84th)
are shown by vertical lines (solid line is the median, dashed lines are
uncertainty bounds). We conducted ten million iterations for this Monte
Carlo search. g, Histogram combining all uplift rates that resulted in a
good fit.
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Extended Data Fig. 7 | Joint uplift rate estimation from varying the
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upper percentile cutoffs. The lower cutoff was varied between the 40th,
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Extended Data Table 1 | GMSL estimates for different percentiles (10th, 33th, 50th, 66th and 90th) following IPCC’s likelihood scale
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